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PREFACE
The history of the metal joining dates back to the Bronze age, with the use of forge 
welding ( solid phase welding ) for the creation of gold ornaments. In the beginning of 
the present century, the fusion welding process emerged with three major historic 
discoveries: resistance welding by Thompson, oxy - acetylene gas welding by le - 
Chatelier, and carbon electrode arc welding by Bemados. Thus, the new era of modem 
welding practice commenced. The majority of the welding processes which are currently 
employed stem from the above mentioned discoveries. In current modem welding 
practise there is a wide range of welding processes, ranging from simple gas welding to 
highly sophisticated high energy electron beam and laser welding. These highly 
sophisticated welding processes are only used because they offer special advantages, 
which more common welding processes cannot provide, and to cope with particular 
operations for which other welding processes are unsuitable. The distinguishing features 
of the various welding processes and their limitations and advantages are not discussed 
here. In general, however fusion welding processes share common features, and are 
frequently categorised in terms of the type of heat source and the shielding method. One 
of the most commonly used industrial fusion welding processes is the arc welding 
process. Submerged arc bead - on - plate welding has been employed in the current 
investigation.
The steel studied in the present research work is classified as EM 812A and used in hull 
construction of the Collins class submarines, being manufactured in Australia by the 
Australian Submarine Corporation. Materials used for naval and offshore constructions 
such as ships, submarines, offshore rigs etc. must satisfy a variety of requirements, 
which are mainly associated with life cycle maintenance, loading arrangements of decks 
and environmental factors. The fracture safety of these giant structures is enhanced 
through the use of tough structural steel.
In the present research work single wire submerged arc welding process was chosen in 
order to investigate the effect of preheat temperatures ( 20°C, 80°C, 120°C, 200°C ) on 
cooling rates, and subsequently on HAZs microstructures, as well as on significant 
mechanical properties of real weld samples of quenched and tempered steel plate.
A weld joint produced by fusion welding consists of three major regions. They are weld 
metal, heat affected zone and the base plate. The composition of the weld metal can be 
varied by two ways, by choice of the filler metal, or by the extent of dilution. While the 
HAZ has the same composition as in the base plate, the HAZ can be distinguished from 
the weld metal and the base plate because of the structural changes induced by the weld 
thermal cycle. The HAZ is of prime importance to steel weldability because of its potential 
to develop structures which can adversely effect the mechanical properties ( toughness 
and hardness ) of the weld joint. Hydrogen - induced cold cracking is one of the main 
damages in the HAZ. Generally the weld metal is less prone to cracking problems than 
the HAZ. In order to avoid HAZ cracking, welding of steel requires the application of 
stringent welding conditions. For high strength steels, preheating is additionally required, 
in order to avoid or minimise the risk of cracking in the HAZ. Due to the development of 
a microstructural gradient across the HAZs, it is difficult to carry out the Charpy impact 
toughness testing on a particular region of the microstructure in the HAZ. Weld thermal 
simulation has been conducted in the current work to reproduce in a bulk form similar 
microstructures to those in selected sub-regions of the actual weld HAZ.
This thesis reports an investigation of both microstructure and important mechanical 
properties of the weld HAZ produced using a heat input of 2.5 kJ / mm and different pre­
heat temperatures.
ABSTRACT
In the present research work the effect of preheat temperature (20°C, 80°C, 120°C, 200°C) 
on cooling rate and consequently on the HAZ microstructures of bead - on - plate 
submerged arc welds have been investigated for quenched and tempered EM 812 plate 
steel. Due to the development of a microstructural gradient across the HAZ, it is difficult 
to carry out Charpy impact toughness testing on a particular structural region of the HAZ. 
Weld thermal cycle simulation has been conducted in the current work to reproduce in a 
bulk form similar microstructures to those in selected sub - regions of the actual weld 
HAZ. Hardness measurements were carried out for both actual and simulated welds and 
Charpy impact values were determined for the weld simulation samples.
Microstructural comparison of the actual and simulated HAZs showed that simulation 
was successful. The grain coarsened heat affected zone( GCHAZ ) for both actual and 
simulated welds under pre - heat free conditions consisted of lath martensite or bainitic 
ferrite with martensite austenite ( M A ) islands, because of the relatively low ( 2.58 kJ / 
mm ) heat - input, and the high hardenability of the EM 812 steel. Despite the structural 
similarity, the prior austenite grain size in the simulated GCHAZ region was about double 
that in the actual welds. It was also found that increasing the preheat temperature from 
20°C to 200°C caused a reduction in cooling rate, increased the austenitic transformation 
temperature and resulted in less lath shaped ferrite.
Hardness traverses across the root of the HAZ in the actual welds and along the centre 
line of the simulated HAZs showed that the HAZ was generally harder than the base 
plate. Maximum hardness was observed in the grain refined heat affected zone (GRHAZ) 
instead of the GCHAZ due to transformation of both these regions to similar martensitic / 
bainitic microstructures and existence of much finer microstructure in GRHAZ. Minimum 
hardness was observed in the base metal due to over - tempering of the quenched and 
tempered base plate by coarsening of carbide and recovery of ferrite.
The simulated GCHAZ showed the lowest toughness, with the loss of impact toughness 
being due to large prior austenite grain size which is resulted in a coarse microstructure 
and high hardness. Increase in the preheat temperature caused reduction in cooling rate 
with decrease in CVN value, mainly because of formation of a large volume fraction of 
coarse bainitic product in the GCHAZ. On the other hand, the maximum impact 
toughness was observed either in the grain refined region, or at the boundary of the 
partially transformed and grain refined region, which also exhibited the maximum 
hardness. Both of these effects are due to the structural refinement in this region. The 
investigation showed that for a heat input of 2.58 kJ / mm the best HAZ toughness is 
achieved for zero or low preheat, for conditions where hydrogen pick up is not 
significant.
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CHAPTER : 1
INTRODUCTION
1.1 Trends in hull construction of submarines
Over a period of time, there has been a significant change in the material of choice for 
submarine and ship hulls, from mild steels to C - Mn steels in the normalised condition, 
to C-Mn-Mo steels in the normalised and tempered condition. Subsequently, there has 
been a trend to use C - Mn - Mo steels in the fully quenched and tempered condition. 
More recently, usage of low carbon ( multiple, low - alloy) steels in the fully quenched 
and tempered condition has been on the rise. The hull is a very important part of the 
structure of a submarine, which acts as a stress - loaded beam, stressed by static forces 
due to local differences in weight and displacement in water, and by dynamic forces 
imposed by pressure waves. Advantages of using the low carbon ( multiple, low - alloy) 
steels in the fully quenched and tempered condition in the construction of a hull, of any 
submarine or ship, are numerous. Quenching and tempering processes for these types of 
steel produce the combined effect of high notch toughness and ease of weldability, with 
the high strength required by the MIL specifications. Thus, quenched and tempered steels 
have found increasing application in hull construction of submarines (1). Welding of the 
steel hull plates is a critical step in ensuring the integrity of the total structure.
1.2 Submerged arc welding process
In the present research work, the bead on plate ( BOP ), single wire Submerged Arc 
Welding ( SAW ) process has been used. Generally, the SAW process is a widely 
preferred process as it reduces the expenditure associated with welding speed, materials, 
equipment costs and reliability.
1
In SAW (2), an envelope of unfused granular flux particles and molten flux shield the arc 
and molten weld metal, which protects the base metal from atmospheric contamination. 
Current is passed through a consumable electrode to produce an arc between the electrode 
and workpiece. When the arc is struck, the tip of the continuously fed electrode is 
submerged in the flux, and hence it is not visible. The heat of the arc melts the electrode, 
flux and some portion of the base metal to form the weld pool that fills up the joint. The 
SAW process can be used in mechanised and semiautomatic operations. The SAW 
process is very useful for welding steel in sheet, as well as plate form. This process is 
used industry wide for weld operations involving all grades of carbon, low alloy, and 
alloy steels. Various filler metal - flux combinations can be selected to improve specific 
weld metal properties for the application at hand. Figure 1.1 shows a schematic diagram 
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Figure 1.1 Shows a schematic diagram of the SAW process.
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1.3 Cracking phenomena in welding
The welding process usually involves rapid changes in temperature to a greater extent 
than other fabrication processes. Most of the problems that arise in the welding process 
are due to the danger of crack development either in the weld metal or in the adjacent base 
metal zone known as heat affected zone ( HAZ). These two areas may crack as a result of 
the welding operation, but generally the weld metal is less prone to cracking compared to 
the HAZ. The HAZ is the region which is structurally affected by the weld thermal cycle. 
Extensive experience in the arc welding of structural steel has indicated that the weldment 
show a high susceptibility to various types of cracking in the HAZ, particularly hydrogen 
induced cold cracking. Hydrogen induced cold cracking arises mainly due to the 
formation of a highly susceptible HAZ microstructure. Thus, to investigate the 
weldability of a particular grade of steel, it is essential to study the microstructure of the 
HAZ. According to Easterling ( 3 ) "good weldability" is a function of several factors. It 
is a complex property of the steel that covers both sensitivity to weld cracking and the 
toughness required by service conditions and test temperature.
The factors involved are:
(a) type of welding process, (b) environment, (c) alloy composition and (d) joint design 
and size.
Unsuitability of any of the above factors may cause the problem of cracking. Weldability 
can be simply defined as the susceptibility of a steel to various types of cracking 
associated with the weld. It can vary with the type of welding process and the selected 
welding variables when the factors (b), (c) and (d) are constant.
1.4 Properties of the HAZ
Two significant mechanical properties of the HAZ of a weld joint are the hardness and 
the notch toughness. These two mechanical properties are taken into consideration 
because of the following reasons. The hardness of the HAZ is directly related to other 
important properties of the HAZ such as strength and hardenability, toughness, and 
susceptibility to cold cracking.
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Toughness is defined as the capacity of the material to absorb energy by plastic 
deformation before fracture. The integrity of the welded structure may be limited by the 
fracture toughness of the HAZ, which makes it a key factor, since the fusion boundary 
and HAZ are the two most common locations for defects (4). Fracture toughness is one 
of the most significant mechanical properties of the HAZ, as it represents the crack 
resistance of the HAZ. Thus, it is an important property from an applications point of 
view. HAZ toughness can be used as one of the criteria for selection of the most 
appropriate material for a particular application.
1.5 Effect of preheat
Two practices are commonly used industry-wide to prevent the formation of cracks in the 
weld joints. They are pre - heating and post - heating. Pre - heating is used to prevent 
formation of cracks during and immediately after the welding operation. Post - heating is 
carried out to ensure a crack - free weld before the metal enters service and also to ensure 
satisfactory metallurgical properties that enable it to withstand service conditions. Pre - 
heating has been defined as "raising the temperature of the metal above the temperature of 
the surroundings before welding" (5). Sometimes the entire welded component is 
uniformly preheated, but if only the vicinity of the weld is heated, it is known as local 
preheat. Pre - heating produces two effects, which are beneficial to hydrogen - damage - 
susceptible welds. (1) It alters the metallurgical transformation, to either eliminate a crack 
- susceptible microstructure or reduce the degree of susceptibility of the microstructure.
(2) It enhances the escape rate of hydrogen by increasing the diffusion rate.
1.6 Aim of the Investigation
The main aim of the present research work was to investigate the effect of preheat on the 
cooling rate, and to analyse microstructure, as well as mechanical properties of the HAZ 
of actual preheated weld samples and simulated samples of a quenched and tempered steel 
plate.
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The steel investigated wasEMA812, a quenched and tempered steel which is used in hull 
construction of the Collins class submarines being built in Australia by the Australian 
Submarine Corporation in Adelaide.
It is very difficult to investigate directly the mechanical properties of each region of the 
actual weld HAZ, because of the very narrow width of the weld HAZ. So it is desirable 
to simulate the actual weld thermal cycle in a particular region of the HAZ. A simulation 
technique has been adopted to obtain a relatively large volume of uniform microstructure 
which resembles the microstructure of the selected region of the actual weld HAZ. 
Simulation of samples has been carried out on a simulator ( See Chapter - 3 ) based on 
thermal data obtained by the CSIRO (6) using embedded thermocouples, during single 
run submerged arc welding of a 20 mm plate. The simulation has been carried out for 
twelve different combinations of the parameters involved, as shown in Figure - 3.10. 
These twelve combinations include three different peak temperatures and four different 
preheat temperatures. Charpy impact and Vickers hardness tests were carried out on the 
simulated samples, and hardness tests were performed on the preheated actual weld 
samples.
1.7 Overview
Research workers have approached the problem of weldability and cracking phenomena 
in quenched and tempered steel from different perspectives. Some researchers have put 
forward a model for the welding process and others have utilised experimental methods to 
classify the problem. These research approaches are discussed in detail in Chapter - 2. 
The theoretical background and the various methods employed in the present research 
work are described in Chapter - 3. The results generated through the experimental work 
are presented in Chapter - 4 and these results are discussed in Chapter - 5. Conclusions 




2.1 Weld thermal cycle
The weld thermal cycle consists of two parts, the heating cycle and the cooling cycle. 
Both cycles play a significant role in producing the final microstructure and mechanical 
properties. The effects of heating / cooling cycle can be categorised in terms of 
mechanical and metallurgical effects (7).
2.1.1 Mechanical effects of heating and cooling
Welding is a process in which a moving heat source of high intensity is applied to the 
specimen / workpiece for a very short period of time. This produces very high 
temperatures in the weld root, which are above the melting point of the metal, and causes 
a very steep temperature gradient in the base plate. Existence of this steep temperature 
gradient plays a major role during the solidification process of the weld metal, and it also 
affects the phase transformations taking place in the HAZ of the base metal. Apart from 
this, other significant changes take place from a mechanical point of view. As the 
temperature of any given metal increases, the volume increases. Although volumetric 
expansion takes place as different linear dilations in different crystallographic directions, 
the multiplicity of grain orientations in most engineering metals permits uniform macro 
expansion in all directions (7). The thermal expansion experienced as a result of heating is 
matched by an equal amount of thermal contraction upon cooling through the same 
temperature range. The thermal expansion and contraction plays a major role in generating 
strain ( and stress ) in a weld component, either causing elastic distortion or creating 
plastic deformation to reduce the overall distortion in the weld (7).
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2.1.2 M etallurgical effects of heating and cooling
In the weld thermal cycle several metallurgical processes take place sequentially during 
the heating.
(1) Recrystallisation ( if the base plate is cold worked ).
(2) a —>y transformation.
(3) Pearlite / Cementite —» y transformation.
(4) Carbon redistribution in austenite.
(5) Carbonitride coarsening.
(6) Carbonitride dissolution.
(7) Austenite grain growth.
The cooling cycle plays a major role in determining the final microstructure and can 
involve the following processes.
(1) Continued austenite grain growth.
(2) y -> a  transformation, y —> a  + Fe3C transformation, and y -4  a 1 martensitic 
phase transformation.
(3) Reprecipitation of carbonitrides.
(4) Continued coarsening of precipitates.
The extent to which these processes take place in a given weld thermal cycle for a given 
material depends upon the welding process, the welding condition, the geometry of the 
joint, and the plate thickness. Apart from these factors, the starting microstructure of the 
steel also plays a major role in affecting the dissolution of cementite, nucléation and 
growth of austenite grains, redistribution of carbon within various phases of the 
microstructure etc. Dissolution and / or coarsening of carbonitrides in the case of 
microalloyed steels will depend on their composition and the initial size and dispersion
(8) .
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2.2 Microstructure of HAZ
On cooling, the thermal gradient across the HAZ results in the formation of several 
distinct regions for a single bead weldment (9), Figure (2.1). These regions consist of 
the five zones listed in Table 2.1. All of these zones can be distinguished by particular 
microstructural features, but there are no sharp transitions between them (10). These five 
regions can also be characterised by a peak temperature range reached in the weld thermal 
cycle. From the fusion boundary towards the base metal, there is a continuous decrease in 
the peak temperature reached in the weld thermal cycle. The approximate temperature 
range associated with the zone of the HAZ is indicated in Table 2.1, but it can vary with 
the steel composition.
Figure 2.1 Illustration of various sub - zones in the HAZ of a single bead weldment (10).
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Table ( 2 . 1 ) -  Regions of the HAZ and their temperature range.
NAME OF THE ZONE______________ TEMPERATURE RANGE
(1) - Grain coarsened - GCHAZ 1530°C - 1100°C
(2) - Grain refined - GRHAZ 1100°C - 900°C
(3) - Partially transformed - PTHAZ 900°C - 700°C
(4) - Tempered. 700°C - 600°C
(5) - Unchanged base metal. 600°C - Below
2.2.1 Grain coarsened zone
Adjacent to the fusion boundary, the high temperature results in the formation of austenite 
grains, followed by subsequent grain coarsening by grain growth. In low carbon steels, 
delta phase may also occur at the higher temperatures in this range. Generally for non 
microalloyed steels, the grain growth of austenite increases rapidly once the temperature 
exceeds about 1050°C (11,12), which is a typical grain coarsening temperature.
Generally grain growth depends on,
(a) the duration of heating at temperatures above the grain coarsening temperature,
(b) the composition,
(c) the peak temperature.
It has been claimed (9) that (a) is not a major factor in grain coarsening, compared with 
factor (b) and (c). Peak temperature has a very significant effect on grain coarsening.
The extent of grain growth zone and its relation to the weld profile can be established by 
plotting the grain size as a function of the hardness, Figure 2.2 (3). The maximum 
hardness normally occurs adjacent to the fusion line then decreases continuously across 
the HAZ. Austenite grain size also decreases steeply from the fusion boundary, but in the 
final structure, the ferrite grain size shows a more complex variation ( shown in Figure 
2.2) because some ferrite grains in the HAZ are untransformed by the thermal cycle.
Inagaki and Sekiguchi (13) have found that hardness and cooling time from 800°C to 
500°C are related as shown in Figure 2.3
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Figure 2.2 Grain size and hardness of ferrite as a function of distance (68).












2.2.2 Grain refined zone
The temperature range for this zone is 1100°C - 900°C. This zone is generally 
characterised by a fine ferritic grain structure, which results from a normalising heat 
treatment of the base metal. Here in this zone, the structure and toughness are generally 
not affected detrimentally, in contrast to those of grain coarsened zone (9, 10).
2.2.3 Partially transformed zone
In this zone, the temperature ranges between the 900°C - 700°C, and the peak temperature 
is too low to produce complete transformation. In this region, pearlite is usually 
transformed to austenite but ferritic areas are only partially austenized. On cooling, 
austenitic region may become islands of high carbon martensite or transform to pearlite or 
bainite. The brittleness of this region is mainly dependent upon its carbon content (10).
2.2.4 Tempered zone
The tempered zone is characterised by a thermal treatment of the base metal over a 
temperature range of about 700°C - 600°C. Little change in microstructure is observed by 
optical microscopy.
2.2.5 Region of the unchanged base metal
When the unchanged base metal region is observed optically, no change in the 
microstructure is observed. In this zone dissolution of nitrogen and carbon together with 
welding stresses can lead to strain ageing, which is dynamic in nature. Substructure 
which exists in the base plate, eg. fine subgrain boundaries, grain boundaries and 
dislocations, may be affected because of dynamic strain ageing, which is more likely to 
be significant in multi run welds instead of single run welds (14). The cooling rate ( or 
cooling time between 800°C - 500°C) is dependent upon welding parameters such as heat 
input and process type. Increasing the heat input causes an increase in the cooling time, 
which causes microstructural changes, as well as increasing the extent of the various 
zones (making broader zones).
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2.3 Continuous cooling diagrams (CCT diagrams)
Cooling plays a significant role during the development of the microstructure in the weld 
HAZ, and the continuous cooling diagram is very relevant to the understanding of the 
resultant microstructure.
Inagaki (13) was the first person to develop weld CCT diagrams for the prediction of the 
microstructure and hardness of the weld HAZ. Conventional CCT diagrams can not be 
used to predict the microstructure / hardness of the weld HAZ, because they give only 
limited information regarding the y —» a  phase transformation. This y a 
transformation takes place after cooling from a high austenitising temperature which can 
be near to the melting point. Conventional diagrams usually involve only low 
austenitising temperatures, which range from about 850°C - 950°C. Thus the direct 
application of the conventional diagram to the weld HAZ is not possible (13, 15, 16, 17).
There are two main methods commonly used in practice to obtain either conventional or 
weld CCT diagrams, thermal analysis and dilatometry. The basic principle of both 
methods is the same, that is to heat the sample as quickly as possible up to a desired peak 
temperature and then allow it to cool at pre - determined rates. While cooling the samples 
at a desired cooling rate a record of the y —» a  transformation temperature can be
obtained.
2.3.1 Thermal analysis
Thermal analysis has been further categorised on the basis of three types of analysis (18).
(1) Temperature - time ( T- 1) thermal analysis.
(2) Derived temperature-time ( dT / dt - T ) or ( d^T / dt^ - T ) thermal analysis.
(3) Derived logarithmic deviation ( In ( T - T0 ) )  or din ( T - T0 ) / dt thermal analysis.
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2.3.1.1 (T- t) thermal analysis
In this method no reference sample is required, and it gives accurate information about the 
start transformation temperature (Ts), which is defined as the temperature at which 
delayed transformation starts, because of the liberation of the heat from the transformation 
of austenite. The end of transformation temperature, denoted by (Tf), is defined as the 
temperature at which the time - temperature curve reaches its normal curvature relative to 
the T - 1 axes.
2.3.1.2 [ ( dT / dt ) - T ] thermal analysis
The first method ( T - 1 ) does not accurately locate both the start and end temperatures. 
To obtain both the locations precisely, the primary data can be analysed by plotting the 
first or second derivative of temperature with respect to time ( dT / dt or ( d 2T / d t 2 ) 
against temperature. This procedure leads to move marked deviation of the curve at the 
start and end of the transformation. Phillips (19) has reported that, particularly for the 
case of fast cooling, thermal analysis can give accurate transformation temperatures.
2.3 .1 .3  Derived logarithmic deviation [ In ( T - T0 ) ]
To obtain a higher degree of precision, the temperature-time curve can be further 
analysed by plotting In ( T - T0 ) and din ( T - T0 ) / dt v/s time or temperature. A 
reference sample is required for the differential thermal analysis. This method is highly 
sensitive to the start transformation temperature, as the temperature difference at the start 
of the transformation, between the reference sample and testing sample, increases 
considerably.
When the first derivative analysis is applied in this method, a very high degree of 
precision and improvement in the curvature of the differential curve is obtained. Hence 
this curve is called a differential curve and this method of analysis is called a derived 
differential thermal analysis.
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The principal function of a dilatometer is to monitor continuously the lengthwise or 
diametral contraction and expansion of a specimen through an entire thermal cycle. Once 
the thermal cycle is over, the temperature is plotted against the recorded dilation. 
Detection of transformation temperatures is based on abrupt changes in the dimensions 
(20).
2.4 The hardness of the HAZ
HAZ hardness can be used to characterise the strength and hardenability of weld, and it 
can also be useful for predicting the cold cracking susceptibility of the HAZ. Generally, 
for most steels, the entire range of the HAZ hardness is higher than the base plate 
hardness because HAZ hardness reflects the formation of hard products than those 
present in the base plate. For most steels, a decrease in the hardness value is generally 
observed with distance from the fusion line to the region of unchanged base metal. 
Hardness increases to its peak value at the fusion line indicating the presence of harder 
microstructures, such as martensite compared to other HAZ microstructures such as 
pearlite, bainite, ferrite etc. The hardness of the GCHAZ is due to formation of large 
austenite grains near the fusion line. These large austenite grains transform during fast 
cooling to hard structure such as martensite. HAZ hardness has been correlated with the 
cold cracking tendency, and hardness in turn has been linked with carbon equivalent. 
However, particularly for those steels which have a low carbon level, many researchers 
have proved that HAZ hardness is not only dependent upon CE but also upon the cooling 
rate of the steel (21, 22, 23).
2.5 The toughness of the weld metal
2.5.1 Influence of microalloying elements on toughness
Toughness is highly influenced by the presence of microalloying elements such as 
titanium, boron, niobium, vanadium, through changes produced in the microstructure.
2.3.2 Dilatometry
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Frost has (24) reported that a microstructure which primarily consists of acicular ferrite 
provides optimum mechanical properties in relation to strength, hardness and toughness 
in the weld metal. However the presence of a large volume fraction of upper bainite or 
ferrite side plates or grain boundary ferrite drastically reduces the mechanical properties, 
because these structures are considered to result in preferential crack propagation in the 
weld metal.
Addition of microalloying elements in the appropriate amount can promote the formation 
of a fine grain structure, as well as help to produce a more acicular ferrite structure, which 
improves the mechanical properties. The effect of the titanium and other alloying elements 
on the retardation of the austenite grain growth in the HAZ by formation of the titanium 
nitride is discussed in the next section.
2.5.2 Addition of titanium
The role of the titanium is mainly to protect boron from nitrogen, by forming TiN in the 
liquid state, prior to solidification. Thus, the optimum titanium content will be a function 
of concentration of nitrogen and nitride formers such as niobium in the weld metal. 
Addition of titanium in the absence of boron shows very little effect, and vice versa, so 
both alloying elements depend upon each other for effect. Variation in titanium and boron 
contents of the weld metal are sufficient to cause a wide variation in the weld metal 
microstructure and hence in the toughness (24).
The effects of the boron and titanium on the side plate ferrite content and upper bainite 
content are similar. With an increase in titanium content the volume fraction of ferrite side 
plates decreases, while the upper bainite content increases. Thus, weld metals which 
contain sufficient levels of titanium and boron do not show side plate ferrite (24).
In terms of the HAZ, calcium has a beneficial effect on toughness in the presence of TiN 
in the HAZ, due to the formation of calcium oxy - sulfide particles which provide a 
complementary effect to TiN on pinning because of their higher stability at very high 
temperatures in the weld thermal cycle (25).
Fine grain size and structure are the two most important factors in improving the 
toughness of the HAZ. Homma et. al (26) have reported that titanium containing oxides 
such as Ti2C>3 can considerably enhance the nucleation of acicular ferrite in the HAZ of 
oxide inoculated steels. In addition, Ti2C>3 is more stable then TiN at the very high 
temperatures near the fusion weld boundary. Ti2 0 3  provides more active nucleation sites 
for the fine intergranular ferrite formation.
It has been reported (27) that reprecipitating elements sometimes form shells around base 
TiN particles, making them coarser and less effective in limiting grain growth in the 
higher temperature region. The coarse grained structure obtained causes a reduction in the 
toughness value.
2.5.3 Addition of niobium
It has been reported (4) that niobium has a very detrimental effect at low cooling rates and 
beneficial effect at fast cooling rates, with the effect of cooling time dominating the effect 
of the composition.
Wang has reported (28) that the combined effect of titanium and niobium produces 
poorer toughness values, as compared to titanium alone. He found that this effect is due 
to the presence of a much higher content of side plates ferrite in the titanium - niobium 
bearing steel. The explanation proposed for this effect was the formation of niobium rich 
deposits on the surface of the TiN particles, which reduces the potential of the particles to 
nucleate acicular ferrite.
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2.5.4 Addition of boron
Boron in the presence of titanium is one of the most important alloying elements, since it 
improves the mechanical properties by changing the HAZ microstructure. In the absence 
of titanium, boron can have an adverse effect on the microstructure of the HAZ and hence 
on mechanical properties, such as hardness and toughness.
It was reported £24) that the formation of acicular ferrite, which improves the overall 
toughness of the HAZ microstructure, largely depends upon the delicate balance of 
titanium and boron. Reduction of the toughness takes place with excessive addition of 
either titanium or boron or both elements, by promoting the formation of the upper bainite 
in the weld microstructure (24).
Ohikita (26) has reported that during the solidification process, titanium protects boron 
from the oxygen and the boron which has a very high tendency to segregate and react 
with nitrogen to form boron nitrides. He also reported that in the austenitic range during 
cooling, free and active boron tends to segregate to the austenitic grain boundaries, and 
again titanium protects the remaining boron from nitrogen by forming TiN. On further 
cooling, in the range of austenite to ferrite transformation, the free and active boron again 
reduces the grain boundary energy by segregation, and thus retards the nucleation of the 
proeutectoid ferrite.
2.6 The toughness of the HAZ
HAZ toughness is a major concern in the prevention of the cold cracking. This 
mechanical property depends upon several factors with the main one being the 
composition of the steel and the applied cooling rate. Although the effect of alloying 
elements on structure and properties will be similar for the weld metal and the base plate 
HAZ, the HAZ normally does not contain high levels of elements such as titanium and
boron.
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Generally, it will have a low content of inclusions for nucleating acicular ferrite. Grain 
size control to limit hardenability and coarsening of the structure are usually more 
important in obtaining a structure of adequate toughness. Factors causing toughness 
deterioration in the HAZ are as follows.
(1) Coarse grains.
(2) Dual phase constituents eg. martensite - austenite constituents.
(3) High proportion of twinned martensite.
(4) Upper bainite structure.
(5) Age hardening in the slow cooling stage, on post weld heat treatment.
The presence of these structures causes toughness deterioration, and promotion of 
embrittlement in the HAZ. The extent of embrittlement depends upon the applied welding 
procedure and the type of steel. In the following section, the first two of the above factors 
are discussed in more depth. Deterioration in toughness can also be a result of microalloy 
addition to the steel and the effect of weld cooling rate (4).
2.6.1 Grain coarsening in the HAZ
Maximum embrittlement usually takes place in the coarse grained region of the HAZ. This 
region is generally associated with a coarser microstructure consisting of grain boundary 
ferrite, side plate ferrite and upper bainite. The coarse prior austenite grains transform into 
coarse ferritic grains, with a loss in toughness (9, 29, 30, 31) because these constituents 
have a low cleavage resistance. Thus, the structure of the HAZ is influenced to a large 
extent by the size of the prior austenite grains.
2.6.1.1 Retardation of austenite grain growth in the HAZ
To obtain a fine austenite grain size in the HAZ, grain refinement by means of particle 
pinning is frequently employed. Small amounts of strong carbide and nitride forming 
elements such as niobium, titanium and vanadium can be added to the steel in 
"microalloy" proportions.
1 8
Addition of these microalloying elements can result in fine austenite grains which, on 
transformation, result in improved mechanical properties in terms of toughness, hardness 
and strength. To understand the effect of the microalloying elements on the retardation of 
the austenite grain growth, which is a very complex process, the factors of steel 
composition and precipitate solubility must be taken into account.
According to Ikawa et al. (32), the largest increase in austenite grain size occurs in the 
initial stage of grain growth, with almost 80 % of the grain growth taking place in the 
heating part of the thermal cycle. Easterling has explained this phenomenon on the basis 
of the availability of higher driving force at the initial stage of the grain growth (9).
McCutcheon et al. (33) observed that small additions ( 0.005 to 0.010% ) of titanium 
considerably restrict the coarsening of the austenite grains in simulated HAZ samples. 
Significant improvement in toughness value was obtained.
The beneficial effect of titanium as a microalloying element is to control the grain size of 
the austenite in the HAZ of the weld as well as in the base metal. Out of the elements Ti, 
Nb, and V and their carbonitrides, only titanium nitride is able to remain partially 
undissolved at the peak temperature of the HAZ (34, 35).
If the concentration of nitrogen in titanium - bearing steel exceeds the stoichiometric level 
for titanium nitride, the formation of titanium carbide can be prevented. However 
Edwards et al. (36) suggested that it is preferable if the steel contains a higher level of 
aluminium / titanium than the stoichiometric level for titanium nitride, in order to gain 
better control of the grain size, near the fusion boundary of the weld. This effect is due to 
the fact that when small titanium nitride particles dissolve at the higher temperatures, 
excess titanium is present in solution, reducing grain growth of the austenite by solute 
drag.
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Only titanium nitride precipitates, of less then a critical size, suppress the grain coarsening 
of austenite in the HAZ of the weld. According to Honeycombe (37), nitrides coarsen 
more slowly than carbides, so that at least partial substitution of carbides by nitrides in 
carbonitrides is beneficial in terms of grain size control.
Sekeino and Mori (38) and Albutt and Garben (39) have shown that rapid grain growth is 
also related to the accuracy of a  —» y transformation by a diffusion-less ( martensitic ) 
mechanism during rapid heating. They also proved that this transformation mechanism 
could occur when the heating rate is in excess of 200°C - 300°C per second in the 
temperature range of 800°C - 1 100°C.
The transformation produces homogeneous plastic deformation in the austenite, which in 
turn results in rapid recrystallisation of austenite at the elevated, rapidly increasing 
temperature. The presence of the precipitates may not be very effective in inhibiting 
austenite grain growth when rapid recrystallisation of the austenite grains takes place 
(40).
A means to solve this problem has been proposed by Rasman and Tenkula (41), ie. 
reducing the heating rate to such an extent that the a  —» y phase change can occur by a 
normal diffusion - less mechanism in the temperature range of 800°C-1100°C.
2.6.2 Martensite - Austenite constituent;
Many researchers have reported that low toughness of the intercritical HAZ is closely 
related to the presence of islands of high carbon ( twinned or lath ) martensite within a 
ferrite matrix. Despite extensive investigations by many researchers to clarify the exact 
mechanism of toughness deterioration due to the presence of MA in the HAZ 
microstructure, it remains incompletely understood (42).
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Mimura and Aoki (43), Ikawa and Tanoue (44) have reported that preferential fracturing 
takes place at the MA islands, reducing the toughness. Stevenson (45) has reported that 
toughness deteriorates "as segregation of carbon takes place, and the interfacial energy 
between the MA island and the ferrite matrix decreases".
Akselson and Grong (42), and Nakanishi and Fukuda (46) have reported that the volume 
fraction of MA island is inversely related to the deterioration in toughness. Nakanishi (46) 
has also claimed that low stress and / or strain levels were ideal sites for occurrence of 
MA constituent fracture, which then runs along MA constituents / ferrite matrix interface.
It has been suggested by Embury and Hobbs (47) that crack initiation starts from voids 
present at the interface of ferrite and MA islands which develop because of interfacial 
decohesion.
Remberg and Akselsen (42) have suggested a different mechanism in which significant 
strain occurs in ferrite adjacent to MA particles because of the transformation volume 
change and strain partitioning during plastic deformation. At around room temperature the 
mobile nature of the dislocations results in excellent tensile ductility but at lower 
temperatures the mobility of the dislocations is significantly reduced and hence lower 
toughness is obtained. Thus, extensive build up of dislocations at twinned or lath 
martensite / ferrite interface during y -> a  transformation causes low toughness in the 
intercritical HAZ and initiation of cleavage type fracture in the ferrite.
2.7 Problems associated with the HAZ
As mentioned earlier the "weldability" of a steel can be defined as "susceptibility of a steel 
to various types of cracking problems" associated with the weld (9). Following are the 
types of cracking associated with the process of welding.
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(a) Hydrogen cracking / cold cracking; (b) Solidification cracking; (c) Gas porosity; (d) 
HAZ burning / liquation cracking; (e) Reheat cracking; and (f) Lamellar tearing. Of all of 
these cracking phenomena, the most dangerous and complex in nature is hydrogen / cold 
cracking.
There are six factors which determine the ability of the steel to be welded without 
cracking. They are (a) composition; (b) rate of heating; (c) maximum temperature attained; 
(d) duration at the maximum temperature; (e) rate of cooling and (f) hydrogen 
entrapment (48).
2.7.1 The effect of composition on hydrogen cracking
Figure: 2.4 Diagram showing the relative hardening influences of alloying elements.
Figure 2.4 indicates that carbon has a most marked hardening influence in steel. The 
chemical composition of the steel has a very strong effect on the hardness and the 
brittleness of the weld joint.
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Hardness of the HAZ is related to the hardenability of the steel, as the formation of a 
hardened structure such as martensite produces a high hardness. The sensitivity to cold 
cracking is in turn related to hardness. The formation of martensite is mainly dependent 
on steel composition, austenite grain size and cooling rate. Hardness depends strongly on 
carbon content and other alloying elements which increase hardenability ( Figure 2.4 ). 
The hardness of the HAZ is related to the carbon equivalent value (C.E.) which is 
discussed in the next section. The higher the hardness, the higher are the chances of cold 
cracking, and to avoid this, the applied cooling rate must be low enough to allow 
hydrogen to diffuse out of the HAZ.
2.7.1.1 Carbon equivalent
The chemical analysis of any steel can be represented by a carbon equivalent formula. The 
various formulae, are useful for the assessment of the hydrogen cracking risk in the 
HAZ. The most widely used formula is that developed by the International Institute of 
Welding (IIW) (49) which was incorporated into the British Standards in 1974 (50). It 
follows from the previous discussion that hydrogen cracking is proportional to the carbon 
equivalent value. Increase in C.E. value causes higher hardness, which increases 
susceptibility to cold cracking. In order to avoid the problem of hydrogen cracking the 
carbon equivalent value must be maintained within limits to keep the HAZ hardness 
below the critical value. By keeping the carbon equivalent at a low level, a compromise is 
usually required between strength and the weldability. However, steel makers are still 
able to produce high strength steel with good weldability because of improvements in 
rolling technology and by addition of microalloying elements to the steel to produce 
highly fine grained steels, which possess an optimum combination of toughness and 
strength (51).
The Australian Welding Research Association ( AWRA) has reported that an DW CE of 
0.4 corresponds to a HAZ hardness of 350 HV which is the maximum allowable value to 
avoid cold cracking in the HAZ (52).
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Brisson et al (53) have criticised the above mentioned report because HAZ hardness 
depends not only on the carbon equivalent, but also on the cooling time between 800°C 
and 500°C. They also suggested that cracking and hardenability must be properly 
distinguished. The risk of cracking is not only linked with hardenability and a hard 
microstructure, but also with the susceptibility of the particular microstructure.
2.7.2 Rate of heating
Rate of heating can have a significant effect on cold cracking susceptibility (48), because 
very rapid heating rates can result in high thermal stresses as well as produce grain 
coarsening in the HAZ as discussed in Section 2.5.1.
2.7.3 Time at high temperature and rate of cooling
Both of these factors are important in determining the coarseness of austenite grains and 
the products formed during the cooling cycle. The nature of the thermal cycle depends on 
factors such as time and speed of the welding, preheat, arc current, arc voltage and the 
welding sequence as well as the welding process employed. In other words, it depends 
up on the applied heat input (48).
2.7.3.1 Kinetics of austenite formation
During the heating cycle, the following processes occurs (42).
(1) Rapid formation and growth of austenite in regions of pearlite until the dissolution of 
pearlite is completed.
(2) Transformation of austenite to ferrite at a lower growth rate is controlled by carbon 
diffusion in the austenite or by diffusion of substitutional elements like manganese in the 
ferrite.
(3) Evening out of solute concentration gradients at a very slow rate within the austenite 
by the diffusion mechanism (42).
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2.7.3.2 Austenite decomposition
During the cooling cycle decomposition of the austenite generally takes place by 
nucleation and growth phenomena (7). Three physical factors generally affect nucleation 
and growth behaviour.
( a ) Volume free energy
This term is used to relate the difference between the energy of austenite at the 
transformation temperature and the energy of the decomposition products usually ferrite 
and carbide. A higher energy difference between these two permits easier nucleation and 
growth of the decomposition product.
( b ) Diffusion
Nucleation and growth of ferrite and carbide from austenite takes place by diffusion, and 
rapid diffusion allows ferrite and carbide to grow at faster rate than austenite.
( c ) Surface energy
Nucleation is directly linked with surface energy of both a substrate upon which 
nucleation takes place, and the surface energy of the interface between the various phases 
existing in the microstructure. If product particles have a low total interfacial energy with 
austenite, their nucleation and growth is enhanced (7).
If austenite is cooled slowly, the transformation product will be soft and ductile in 
nature, but if it is cooled rapidly the final product will be harder and more brittle. In 
addition, a high cooling rate will not provide sufficient time for hydrogen to diffuse from 
the HAZ / weld metal region which again leads increased susceptibility to hydrogen 
cracking. As welding is a very quick process, the cooling rate involved in welding is also 
quite rapid and regions of the HAZ are likely to consist of brittle constituents such as 
martensite or bainite. Residual stresses also generally increase with cooling rate, further 
increasing the cracking susceptibility. By controlling the cooling rate it is possible to limit 
the possibility of preventing the formation of brittle structures and crack formation (7).
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The effect of the cooling rate is not limited to the solid state transformation, it also affects 
the solidification process, through the secondary dendrite arm spacing. For a low carbon 
steel the following sequence of transformations can occur,
Liquid —» Delta Ferrite —» Austenite —> Ferrite.
A smaller delta ferrite dendrite arm spacing associated with a fast freezing rate, results in 
smaller austenite grains and subsequently a large number of grain boundary nucleation 
sites are available for ferrite formation. A lower cooling rate gives large delta ferrite grains 
which will result in coarse products in the subsequent solid state transformations (54). 
Generally, low heat input submerged arc welding and GTAW are characterised by high 
cooling rates ( short 1800 / 500)- Therefore, the cooling curves will bend towards the left 
hand side of the CCT diagram, producing a finer microstructure. In contrast, the 
electroslag process gives a comparatively slow cooling rate, resulting in a coarser 
microstructure (54). Thus, cooling rate depends on the welding process.
2.8 Hydrogen entrapment
Hydrogen is a significant contaminant in the weld for a variety of metals. It can cause 
several problems such as enhanced lamellar tearing, embrittlement, cracking and porosity. 
Only hydrogen cracking is discussed here. Generally, cold cracking is encountered in the 
HAZ, and is associated with the presence of a susceptible HAZ microstructure. It is rarely 
observed in the weld metal itself (54). The risk of cracking depends upon the type of the 
HAZ microstructure and its susceptibility for a given level of hydrogen present in the 
weld, as well as on the weld joint restraint.
During the welding operation hydrogen penetrates into the base metal either from the 
humid atmosphere or from coatings of the welding rods, which contain moisture, 
cellulose or other hydrogen producing compounds. Some amount of hydrogen already 
exists in the base metal itself.
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Hydrogen is much more soluble in the molten metal than in the solid steel. As the liquid 
metal cools, solidifies and transforms to solid state, it becomes supersaturated with 
hydrogen which will seek to escape from the supersaturated solution. As shown in the 
Figure 2.5, the solubility of hydrogen in ferrite is much lower than that in austenite. 
During y - ^ a  transformation, hydrogen concentrates in y  because of the low solubility in 
a. Thus in the hydrogen enriched y  transformation to lower temperature products such as 
twinned martensite takes place. This twinned martensite is considered to be very 
susceptible to cold cracking.
Tem perature/C
104/T, (T in°K )
The solubility of hydrogen in iron.
Figure 2.5 Solubility of hydrogen in pure iron (55).
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If this escaping hydrogen is trapped within a discontinuity existing in the HAZ / weld 
metal and such an entrapment occurs within the hardened area of the HAZ, crack 
formation can takes place. This phenomenon is known as the Hydrogen Embrittlement 
(7, 48, 54). The overall crack growth response is governed by one or more processes as 
operating in sequence in conjunction with the mechanical driving forces for the crack 
growth. The involvement of various processes taking place in sequence to cause the 
embrittlement by hydrogen or hydrogen based compounds or by hydrogenous gases are 






1. Gas Phase Transport
2. Physical Adsorption
3. Dissociative Chemical Adsorption
Embrittlement
Reaction
4. Hydrogen Entry 
3. Diffusion
Figure 2.6 Illustration of various sequential processes involved in embrittlement (56). 
The steps are:
(1) transport of the gas or gases to the crack tip;
(2 ) sequential process involved in the reactions of the gas or gases with newly created / 
developed site / surface, to evolve hydrogen - viz. physical and dissociative chemical 
adsorption;
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(3) absorption or entry of hydrogen;
(4) interactions between metal - hydrogen molecules leading to embrittlement (56).
In many welding operations, special low hydrogen electrodes are used, but despite this 
precaution, even a small trace of hydrogen can cause cracks in the HAZ. Thus cracking 
behaviour is the key factor in investigation of weldability.
Figure: ( 2.7 ) Illustration of embrittlement pattern (57).
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2.9 Effect of Preheat
Two practices are commonly used industry wide to prevent the formation of cracks in the 
weld joints, they are
(a) pre - heating;
(b) post - heating.
Pre - heating is used to prevent formation of cracks during and immediately after the 
welding operation. Post - heating is carried out to ensure crack free welds before the 
metal enters service and also to obtain metallurgical properties satisfactory for service 
conditions (48). Pre - heating has been defined as "raising the temperature of the metal 
above the temperature of the surrounding before welding". Sometimes the entire weld 
portion is pre-heated-this is called uniform pre - heating. If only the vicinity of the weld is 
heated it is called local pre - heat (2). Pre - heating of the weld offers two effects, which 
are beneficial for hydrogen damage - susceptible welds. They are (a) It alters the 
metallurgical structure in such a way that it either eliminates the HAZ microstructure 
susceptibility completely or reduces the extent of susceptibility of the HAZ 
microstructure, (b) It enhances the escape rate of hydrogen by increasing the diffusion 
rate.
Pre - heating (7,48) acts to prevent crack formation in several ways. Because of the rapid 
heating and cooling rates, the shrinkage stresses super - imposed on the volume change 
during the phase transformation may exceed the capacity of the hard zone to deform, 
thereby resulting in cracking. However, pre - heat reduces the thermal gradient between 
the weld and base metal, leading to a reduction in the cooling rate. This reduction in 
cooling rate prevents the formation of brittle martensitic structure and allows 
transformation to produce softer and more ductile constituents. In other words, it reduces 
the hardness of the HAZ and the tendency to cracking. It is well known that at a higher 
temperature steel becomes less heat conductive. Pre - heating ensures slower extraction of 
heat from the weld joint, thus further lowering the cooling rate.
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Pre - heating is also helpful in eliminating hydrogen entrapment in molecular form within 
the base metal at discontinuities. By reducing the cooling rate, enough time is provided 
for the hydrogen molecules to diffuse and escape from the discontinuities that exist in the 
HAZ / weld metal region. Pre - heating before welding is a widely accepted procedure as 
it provides insurance against cold cracking (7,48).
2.10 Weld thermal cycle simulation
Since in the actual weld, the amount of the material which is undergoing a particular 
thermal cycle is small, it becomes very difficult to perform mechanical tests, which 
measure reliably the behaviour of the selected regions of the joint. To gain more precise 
information about the effect of the weld thermal cycle on the material, it is desirable to 
reproduce the thermal cycle uniformly in a specimen which is large enough for normal 
methods of testing to be applied (58). The objective of simulation is to produce a 
significant volume of material having the same microstructure and grain size as the 
material subjected to the actual weld thermal cycle. It is useful to be able to simulate the 
weld thermal cycle under laboratory conditions in order to obtain information about 
microstructure and properties that change in the HAZ as a result of welding. The HAZ is 
a very narrow zone, usually only a few millimetres wide and consists of a continuum of 
microstructures. The narrowness and heterogeneity of the weld HAZ makes direct 
investigation of properties of its different regions virtually impossible (59).
2.10.1 Structure simulation
Weld simulation can be categorised in terms of two different types.
(a) The simulated thermal cycle is based on a cycle which is measured from the actual 
weld HAZ (28,60). The thermal cycle which is imposed on the simulated sample, should 
be kept as close as possible to that which is measured from the real HAZ, so that the 
direct comparison of both sets of results can be carried out, without the need to apply any 
correction. However, differences in the microstructures have been observed in simulated 
and real weld samples, even after the same thermal cycle has been experienced by both.
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(b) The weld thermal cycle simulation is programmed in such a way that it corresponds to 
different cooling rates and heat inputs calculated from Rosenthal’s equations or other heat 
transfer models (69). Various peak temperatures and different cooling rates are applied 
corresponding to the various positions in the actual HAZ, to simulate the effect of heat - 
input on the microstructure.
The cooling rates are usually taken as inversely proportional to the cooling time between 
800°C - 500°C (42, 61). Generally, the volume of the uniformly heat treated portion for a 
10 mm X 10 mm sample ie, HAZ, is approximately 0.4 inch and is located at the middle 
of the specimen (59). To impose the simulated thermal cycle on the specimen, the prime 
requirement is the supply and extraction of the large amount of heat to and from the 
specimen, in a short period of time and in a controlled fashion. The following criteria 
should be met for the satisfactory performance of the simulator (59).
(a) Continuous heat - input, variable over a sufficiently wide power range, during the 
heating cycle of the simulation, (b) Fairly large cooling capacity, (c) Precise degree of 
control of the heating and cooling rates, (d) Easy variation of the required thermal cycle, 
with a minimum readjustment, (e) Optimum reproducibility of the results between 
successive runs of the cycles at a given setting of the controls, (f) A complete and 
accurate record of the temperature cycle, which can be used as a check on the accuracy 
and reproducibility of the cycle imposed on each of the specimens (59).
Various types of weld thermal cycle simulators have been developed, based upon 
resistance or induction heating and water cooling of the samples (58). Two heating 
methods are commonly used for the simulation. They are (a) resistance heating and (b) 
high frequency induction heating. The second method is not so widely used because it is 
very difficult to achieve the necessary heating rate. Moreover, in this type of heating, 
which is based on induction of eddy currents in the surface layers, an inhomogeneous 
temperature distribution is likely.
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In addition, the capital investment in installing the heating equipment is relatively high 
compared to that of the resistance heating (59). In the resistance heating method, direct 
resistance heating produces uniform heating at a rapid rate, but to produce the required 
power at low impedances is a considerable problem. So AC resistance heating is used, in 
which a welding transformer is used as an impedance to produce the necessary power at 
the desired rate.
Generally control of the thermal cycle is carried out by Pt / Pt - 13% Rh thermocouple, 
which is spot welded to the surface of the specimen (58, 59). The first simulator was 
built by Nippes and Savage in 1949 (62).
2.10.2 Temperature measurement during simulation
Temperature is the prime control factor in the thermally simulated cycle, and hence 
measurement of the temperature should be carried out precisely. Initially, pyrometers 
were used to measure the temperature of the sample, but because of limited accuracy for 
temperatures below 1000°C, they have not been widely used (63,64).
A thermocouple is generally used to measure the temperature of thermally simulated 
sample or welds. The thermocouple is generally spot welded to the surface of the 
specimen but care must be taken to eliminate various problems (62).
Thermocouple wires have been welded into a recess in the sample surface, but in the 
application of this method, problems were encountered because of the non - uniform 
cross sectional area of the sample. Resistance heating of the sample can lead to non - 
uniform heating at the point of the thermocouple connection because of the non-uniform 
cross sectional area of the sample (62).
According to the Widgery (63) significant requirements of the thermocouple are
(a) Low pick up of the heating current.
(b) Low thermal inertia.
According to Widgery these requirement can be met by spot welding the thermocouple 
wires separately to the sample surface, by using a specially designed welder. The position 
of the thermocouple wires, and where they are fixed is of great importance. By fixing the 
thermocouple wires perpendicular to the specimen axis induced voltages in the 
thermocouple wires can be avoided (63).
Savage (19, 64) has reported that the bead size of the thermocouple is of prime 
importance with small bead sized thermocouple gives accurate temperature readings. 
Furthermore, he reported that the method which is used for the thermocouple connection 
is not important provided it is consistent with the method being used to measure the 
thermal cycle in the actual weld sample. According to Savage if the thermocouple is 
directed at an angle of 90° away from the sample surface it gives error in temperature 
measurement up to 100°C. He called this effect a sink effect and to rectify it he suggested 
that wires should be close to each other and parallel to the surface of the sample. Heating 
of the wires will then occur by radiation and convection from the sample and not only by 
conduction.
Dolby and Widgery (29) reported that a thermocouple bead which was spot welded to the 
surface of the specimen gave a 30°C lower temperature on average compared to wires 
which were welded to the sample surface separately. They concluded that because of the 
existence of the temperature gradient in the thermocouple bead, lower temperatures were 
recorded.
Keane et al. (65) have reported that for the accurate temperature measurement, good metal 
to metal contact is essential, and this can be achieved by spot welding the thermocouple 
bead to the sample surface. In their experiment, they have used two methods for the 
thermocouple connection - the bead method and the single wire method. Errors in 
temperature measurement up to 50°C were observed because of poor bead contact with 
the metal. To minimise these errors they have suggested use of fine thermocouple wires.
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It has been suggested that the best method is to spot weld the two wires of the 
thermocouple separately to the surface of the specimen by using a specially designed spot 
welder. The placement of the thermocouple wires should be such that both thermocouple 
wires should be kept parallel to each other and close to the specimen surface and also 
perpendicular to the length of the sample (29).
However, Giumelli et al (71) found out that a spot welding of fine prewelded 
thermocouple bead to the surface of the sample in parallel fashion, resulted in accurate 
temperature measurement.
2.10.3 Peak Temperature profile in the simulated samples
2.10.3.1 Temperature profile across the sample
The difference in temperature has been measured between the surface of the sample and 
the interior. Phillips (19) has observed high temperature difference between the surface 
and the centre ( 50°C - 60°C ), due to the errors in measurement of the temperature at the 
surface of the sample. He suggested that the actual temperature difference between the 
surface and the centre of the sample is minimal.
Keane et al (65) have also measured the peak temperature profile across the sample. They 
found that the temperature at the centre of the sample is higher ( 100°C ) as compared to 
the temperature at the surface. They quoted this temperature difference as being "acute". 
In the course of their experiment they spot welded the bead of a thermocouple in a hole. 
The hole was drilled lengthwise through the entire sample. At the comer of the sample 
they observed a slightly lower temperature than the centre of the face. In addition to this, 
they found out that existence of the temperature gradient was significantly higher in 
induction heated samples as compared to the resistance heated samples. In their research 
work they have used square section samples.
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According to their conclusions, modifications in the shape of the sample do not improve 
the transverse temperature profile of sample. To improve the transverse profile of the 
sample, the cross sectional area of the sample should be reduced and a brief soak at the 
peak temperature should be incorporated.
2.10.3.2 Temperature profile along the sample
Widgery (63) has measured the longitudinal temperature profile in simulated samples. 
The temperature profile along the samples was found to be approximately inverse 
parabolic and he derived the equation below. In order to derive this equation, Widgery 
assumed that no heat is lost from the surface of the sample either by radiation or by 
convection, thus he considered sample grips as perfect heat sinks.




L = length of the specimen over which temperature is within AT of Tmax (mm). 
W = grip gap (mm).
Tmax = maximum specimen temperature °C and T0 = grip temperature °C.
According to Widgery (63) 80% of the heat during the simulation is lost by conduction 
through the sample grips. Thus, the above equation is an approximation. Because of heat 
loss by radiation and convection, which occurs more efficiently at higher temperatures, he 
suggested that temperature profile in the centre of the sample flattens out relative to the 
predicted profile. In addition, the grips are not perfect heat sinks and this effect 
contributes to the flattening of the profile. Further reduction in the temperature gradient 
near the centre of the sample can be carried out by using high heating rates. By using 
Widgery's equation, prediction of the peak / maximum temperature in simulated samples 
can be carried out for a given grip gap. To ensure good heat extraction and for low 
electrical losses, copper plated grips should be used and sample and grip contact should 
be identical at both the ends.
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Keane et al (65) have also found out the temperature profile along the sample length to be 
approximately inverse parabolic. According to these workers, temperature profile 
depends upon grip gap and the peak temperature. The following Figure 2.8 shows 
temperature profile measured in a simulated sample.
Figure 2.8 Temperature profile - simulated samples (63, 65).
2.10.4 Com parison - sim ulated and weld HAZ m icrostructures
Extensive comparisons have been carried out between the real weld microstructure and 
the simulated microstructure. This work has shown quite a satisfactory correlation both 
for microstructural observations and mechanical properties.
Widgery and Dolby (6 6 ) have carried out investigations of actual weld and simulated 
microstructures and they concluded that differences in the austenite grain size (which is a 
prime and controlling factor in formation of final microstructure), occur for a similar 
thermal cycle. They concluded that the differences were due to
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(a) discrepancy in the heating rate to the peak temperature between the simulated and real 
weld HAZ;
(b) systematic errors during measurement of the peak temperature;
(c) narrow width of the actual weld HAZ, which places restrictions on the austenite grain 
growth;
(d) discrepancy in the cooling rates from the peak temperature; and
(e) more significant solution of precipitates in simulated samples allowing more marked 
grain growth.
The major reason for the larger austenitic grain size in the HAZ of the simulated sample 
was considered to be the non existence of the temperature gradient in the simulated 
sample and systematic errors during measurement of the peak temperature. In the case of 
the real weld, as indicated in (c), narrowness of the HAZ and existence of a temperature 
gradient restrict austenite grain growth.
In support of Widgery and Dolby (66), Alberry (20) also concluded that the smaller 
austenite grain size observed in the actual HAZ was due to the existence of the thermal 
gradient
Therefore, care must be taken during interpretation of the simulation results, because of 
the greater extent of grain coarsening and possible errors because of the finite bead size of 
the thermocouple, which can give lower peak temperatures compared the actual specimen 
temperature. The average error range in the measurement of peak temperature has been 
estimated as 25° - 35°C (66).
Berkhout (31) also found a discrepancy in the austenite grain size in the HAZ of the 
simulated specimen and in the real weld. He also showed that, the austenite grain size 
increases with increase in the heat-input.
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To obtain similar microstructures for the real HAZ and simulated specimens, it is 
necessary to take account of the thermal gradient in the real HAZ and underestimation of 
the peak temperature in the simulated samples. Researchers often use a lower set peak 
temperature in simulation, determined by calibration, to obtain comparable austenite grain 
size.
2.10.5 Uses of weld thermal cycle simulators
In the past, this device was used for simulating the weld thermal cycle to evaluate the 
effect of cycle on the properties of the HAZ after welding. There was no provision for 
mechanical testing in conjunction with the simulator, but now many of the thermal 
simulators are provided with a mechanical testing facility, to allow rapid tensile testing of 
the specimen at any point the of thermal cycle. Charpy specimens can be prepared after 
thermal cycling of a bar of the required size, by machining the specimen to size with the V 
notch at the position from which the thermocouple has been removed. The following 
materials have been tested in this way (58):
(a) mild and low alloy steels,
(b) maraging steel,
(c) austenitic steel, and
(d) titanium - alloys .
Thermal simulation also can be useful to study other mechanical properties of the HAZ 
such as hardness, tensile strength, notch tensile strength, stress rupture strength, effect of 
thermal cycle on corrosion resistance of HAZ, and hot cracking. Except for hot cracking, 
all of the above tests need metallographic investigation to be carried out to understand the 
properties. Hot cracking required measurement of hot ductility and the development of 





As discussed in the previous Chapter, weldability and its relationship with mechanical 
properties for specific grades of steel have been approached in different ways by various 
research workers.
Rosenthal (69) in his pioneering work on the modelling of the weld thermal cycle, 
approached the relationship between applied cooling rate and heat - input in terms of 
mathematical formulae. This mathematical formulation along with the modifications done 
by Easterling (3) can be used to predict the cooling curves. From these curves, the 
cooling rate for a given peak and preheat temperature can be calculated. These predicted 
temperature - time values can be fed direcdy in to a computer controlling the simulator of 
a weld.
3.2 Cooling curves
Cooling rate plays a major role in formation of the final microstructure. In order to 
produce microstructures in simulated samples, which are similar to actual weld, it is 
necessary to know, or to have an accurate estimate of the temperature after unit time 
intervals over the entire temperature range, to simulate the weld cooling cycle. According 
to Rosenthal's analysis, time taken for cooling from 800°C to 500°C ( At soo - 500 ) is 
directly proportional to the heat - input in the case of thick plate, and is proportional to the 
square of heat - input in the case of thin plate (3).
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In the present work, cooling time data ( Atgoo - 500) was obtained from CSIRO (6) using 
embedded thermocouples during single run submerged arc welding of 20 mm plate for 
20°C preheat. This data along with Rosenthal's heat flow equations, modified by 
Easterling, have been used to predict the necessary cooling curve for 20°C preheat. After 
acquiring good agreement between predicted and simulated cooling curves for 20°C 
preheat temperature, software routines were written for an IBM PC to generate the 
cooling curves for various preheat temperatures ( 80°C, 120°C, 200°C).
Cooling rates for different combinations of peak and preheat temperatures were calculated 
from these cooling curves. In the present research work, three different peak temperatures 
( 1400°C, 1100°C and 874°C ) and four different preheat temperatures ( 20°C, 80°C, 
120°C and 200°C ) were investigated. A control of the cooling conditions was exercised 
to a temperature of 300°C.
The following input data were fed to the computer.
(1) Peak temperatures in °C ( 1400°C, 1100°C and 875°C ). (2) Final temperature °C 
(300°C). (3) Cooling time between 800°C-500°C ( At 800 - 500) and (4) Different preheat 
temperatures in °C ( 20, 80,120 and 200).
After acquiring the predicted cooling curves for all the different combinations of data on a 
time interval basis of one second, average cooling rates were estimated over temperature 
ranges of 100°C, starting from the peak temperature to the limit temperature of 300°C. 
These cooling rates were controlled using different power inputs to the test sample.
3.3 Prediction of weld thermal cycle in HAZ
The weld thermal cycle experienced at any point in the HAZ of the parent metal can be 
predicted theoretically as well as measured (28,60). Theoretical prediction of the HAZ 
thermal cycle in Rosenthal's heat flow theory is based on the calculated relationship 
between the applied cooling rate and the welding heat - input (69).
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Rosenthal (69) assumed that heat - input ( H I), which is measured in kJ / mm, is related 




HI = heat - input ( kJ / mm ), 
tj = arc efficiency,
V = welding voltage ( volts),
I  = welding current ( amperes).
He also assumed that thermal conductivity (A) ( J n r 1 s_1 k*1) and the specific heat ( p ) 
and density product (c), ((pxc)- volume thermal capacity, J-1 n r3 k_1) are constant. The 
differential equation for the heat flow relative to the x, y, z co - ordinates is shown in the 
Figure 3.1.
d2T d2T d2T „ , dT 
dX2 dY2 dZ2 dt
Where,
T = Temperature in (k), 
t = Time in seconds,
( A) = Thermal conductivity.
(2)
For a moving co-ordinate system, X can be replaced by X', and the distance between the 
fixed reference point and the point heat source, which moves at a speed (S) after the time 
(t) is given by the following formula.
X' = X - St (3)
So equation (2) becomes,
(4)
3 2T  , 3 !T  , 3 !T  „ , „ 3T „ , d r
— — r  +  ■—— r  +  — — —  —  —2 X  X X 5 X ---------h 2 X A  X ------
d x 2 ¿ y 2 d z2 dx dt
The temperature distribution around the heat source at a uniform velocity is constant, so 
dT
—  = 0 and equation (4) becomes,
Figure 3.1 Welding configuration in terms of a moving point heat source (q) and a 
constant velocity (S) (3).
d2T d2T d2T 
dX2 + dY2 + dZ2
r ¥ T
= - 2 x A x 5 x  —
dx
(5)
Rosenthal assumed that heat losses through the surface of the specimen during the 
welding are negligible, for a particular fixed position in the HAZ of weld at a radial 
distance r, (where r = + y2 + from the heat source. The three dimensional heat
flow for the thick plate is shown in Figure 3.2 and so the equation becomes ,
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Figure 3.2 Three dimensional heat flow in welding (3).
T - T o  =
H I
2 x n x X x t
exp
4 x a x t
(6)
For the thin plate the heat flow is two dimensional as shown in Figure 3.3 and the 
equation for the thin plate is as follows.
T  - T o  —
HI
d ( 4 x n x h x p x c x t ) J
exp -
4 x a x t
(7)
where a  is called the thermal diffusivity ( a = -----  , m2 s"1) and d  is the plate thickness
X x c
in mm. T0 refers to the initial temperature, or the preheat heat temperature in k. All the 
above equations were derived by Rosenthal assuming that the applied heat on a particular 
point (r), in the HAZ was instantaneous .
Easterling (3) has claimed that the cooling time for the temperature range 800°- 500°C 
( At goo - 500)> which generally represents the A3 - Aj transformation temperature range, 
is constant within the HAZ for the particular material and for a given welding process. 
At goo - 500 *s used t0  characterise the effect of the welding process on the HAZ. 
Calculation of At 800 - 500 f°r thick and thin plate is carried out by using the following 
equations.
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Figure 3.3 Two dimensional heat flow in welding (3).
FOR THICK PLATE:
T p - T o -
2 \ H I
-----  x --------- 7n x e  ) p x c x r
Where,
Tp - Refers to the peak temperature of the thermal cycle, 
e - Base of the natural logarithm = ( 2.718 ).
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where 0  is given by following equation,
1  _  1______________ I






8-5 4 x n x p x c
(ID
1 _  1___________________ 1
©22 ~ (773 -  To)2 (1073 -  To)2
(12)
Equations (9) and (11) give the relationship between At goo. 500 anc* the welding heat - 
input. At goo - 500 ^  proportional to the heat-input in the case of the thick plate and the 
square of the heat - input in case of thin plate. Therefore, the higher the heat - input, the 
longer is the cooling time or slower is the cooling rate in the HAZ.
The appropriate equation, from an applications point of view, depends upon the plate 
thickness, the type of the material, and on the welding process. Easterling (3) derived the 








From the equation it is evident that, d' depends on the heat - input ( HI ), and on the type 
of material (pc).
Rosenthal's equations (9) and (11) also indicate that for the same value of heat input 
which is a function of voltage (V), current (I) and welding speed (S), the amount of weld 
deposited will be constant and the HAZ will have same cooling time At 800 - 500, 
implying identical HAZ microstructure and properties.
But contrary to this conclusion, Wingrove (70) has demonstrated that HAZ 
microstructure and mechanical properties such as hardness are not only dependent on the 
final value of the heat input, but also depend on the individual values of voltage, current, 
and welding speed. It is well established that HAZ microstructure is determined by the 
HAZ cooling rate, so he suggested that HAZ cooling rate can be different for a constant 
heat input, due to the individual values of the voltage, current, and welding speed which 
produce the heat input.
3.4 Calculated and simulated cooling curves
Examples of calculated cooling curves for preheat of 20°C and 120°C, and the 
corresponding simulated curves are shown in Figure 3.4 - 3.6 and 3.7 - 3.9 for a 
different combination of peak temperatures. Curves for other preheats ( 80°C and 200°C ) 
and the selected peak temperature range of 874°C, 1100°C and 1400°C are shown in 











Figure 3.4 Predicted and simulated cooling curves for peak temperature of 865°C and 
a preheat of 20°C
Figure 3.5 Predicted and simulated cooling curves for peak temperature of 1108°C and 
preheat of 20°C
Time in sec









Figure 3.7 Predicted and simulated cooling curves for peak temperature of 936°C and a
pre - heat of 120°C
Figure 3.8 Predicted and simulated cooling curves for a peak temperature of 1120°C and a 
pre - heat of 120°C
Time in sec
Figure 3.9 Predicted and simulated cooling curves for a peak temperature of 1363°C and a 
pre - heat of 120°C.
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3.5 Experim ental procedure
The main aim of the present research work was to clarify the effect of pre-heat on the 
cooling rate and to analyse microstructural and mechanical properties of the HAZ. This 
analysis was carried out for real preheated weld samples and simulated samples of a 
quenched and tempered steel plate, which is used in Australia for hull construction of the 
Collins Class submarine. Simulation of cooling cycle has been carried out on a simulator, 
based on data obtained from the CSIRO - ( Division of Manufacturing Technology ) 
using embedded thermocouples, during single run submerged arc welding of a 20 mm 
plate. Simulation was performed for 12 different combinations of variables consisting of 
three different peak temperatures and four different pre-heat temperatures ( Figure 3.10). 
Charpy impact and Vickers hardness tests were carried out on the simulated samples as 
well as on the pre-heated real weld samples.
As discussed in Section 2.10, it is difficult directly to investigate the mechanical 
properties of each sub region of the actual weld HAZ, because of the very narrow width 
of the weld HAZ. Simulation has been used in the present investigation to obtain a 
relatively large volume of uniform microstructure which resembles that of a selected 
region of the real weld HAZ.
Subsequent sections contain detailed descriptions of (a) the material used in the present 
research work, (b) the simulator used for the experimental work and various factors 
affecting the simulation process, and (c) methods used for mechanical property tests, and 
for metallography and fractography.
3.6 Material
The steel used for the present research work was supplied by the Bisalloy Steels Pty Ltd, 
Port Kembla - Australia in the form of 12 mm plate. The following table gives the 
chemical composition of the steel.
Table 3.1 T ie chemical composition of the steel investigated
Element c P Mn Si S Ni Cr Mo
W t% 0.12 0.015 0.90 0.25 0.002 1.25 0.51 0.36
Element Cu Al Sn Ti B N NB V
W t% 0.19 0.06 0.00 0.005 0.0015 0.004 0.008 0.017
Table 3.1 shows the chemical composition of the steel. The steel plate was received in the 
quenched and tempered condition, described by the code 925C / WQ / 690C QT. The 
plate dimensions as received were 3010 X 20.33 X 8.122 mm. The carbon equivalent of 
this quenched and tempered steel is 0.54 according to the standard formula which has 
been proposed by the IIW ( International Institute of Welding ). The microstructure of the 
steel plate consists of ferrite laths with dispersed carbide particles.
Simulated Samples
Peak Temp - 874’C
Pre-Heat Temperatures
20°C 80°C 120®C 200°C
Peak Temp - 1100’C
Pre-Heat Temperatures
20°C 80°C 120*C 200®C
Peak Temp.- 1400’C
Pre-Heat Temperatures
20°C 80*C 120®C 200#C
Figure 3.10 Schematic diagram of treatment simulated samples using different 
combinations of peak and preheat temperatures.
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3.7 Sample preparation for simulation experiments
Steel bars were machined from the base steel plate to an 1 1 X 1 1 X 1 1 0  mm rectangular 
prism. The orientation of the samples relative to the parent plate is shown in Figure 3.11. 
Samples were cut in such a way that the longitudinal axis was perpendicular to the rolling 
direction.
Figure 3.11 Orientation of the Charpy sized samples relative to the parent plate and 
testing was carried out in the T - L orientation.
3.8 Welded samples
Single run bead - on - plate submerged arc welds were made by the CSIRO Division of 
Manufacturing Technology. The welds were deposited parallel to the rolling direction of 
the base plate by using following welding parameters. L A 100 filler wire - 4 mm; 880 M 
flux; welding speed - 1000 mm / min; applied voltage : 38 volts; current: 1135 amps; 
pre-heat temperature : 20°C, 80°C, 120°C and 200°C. The equilibrated Oxy - Acetylene 
preheat method was used to preheat all samples. The heat input was 2.58 kJ / mm, 
calculated by using the above data and the following formula.
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3.9 Equipment
Figure 3.12 shows a general view of the weld simulator.
Figure 3.13 shows a schematic diagram of the sample holder of the weld thermal cycle 
simulator, which was used in the research work. This simulator was designed and built in 
Department of Materials Engineering by a Senior Technical officer, Mr. Graham 
Hamilton. The simulator consists of four major parts, (a) power supply, (b) electrode 
grips, (c) computer control system, (d) data logging and temperature measuring 
equipment.
3.9.1 P ow er supply
The electric power supply to the simulator was 50 Hz, alternating current. The voltage 
used was approximately 5 volts, and maximum current passing through the specimen was 
about 10,000 AC amperes. Water cooling of the grips produced approximately one 
dimensional heat transfer through the grips. The maximum cooling rate was obtained 
when no current was flowing through the samples during the cooling cycle.
Power supply to all four blocks
Upper half
Lower half
Figure 3.13 Schematic diagram of sample holder of the weld thermal cycle simulator (71)
3.9 .2  Sam ple g rips
The principal functions of the electrode grips are to act as electric contacts to the samples 
and to abstract the heat from the sample ( Figure 3.13 ). The grip arms were machined 
from the cast iron blocks with each grip consisting of a lower and an upper half as shown 
in the Figure 3.13. A groove was machined into each half so as to locate the sample. 
High tensile bolts were used to apply the clamping force.
3.9.3 C om puter control system
The main functions of the computer control system are to monitor the heating rate, peak 
temperature, and the cooling rate of the sample by controlling the amount of power 
passing through the sample. Power levels are controlled by software which allows a 
portion of the alternating current to pass through the sample ( phase control ), as 




Figure 3.14 Computer control of power to the sample.
For the particular time interval ( X - Y ), current passes through the sample under the 
control of the computer. The accuracy of control of the thermal cycle depends upon the 
response time delay which takes place when a selected specimen temperature is reached.
3.9.4 D ata logging and tem perature  m easuring equipm ent
A thermocouple was used for temperature measurement at the face centre at the mid - 
length of the sample. A Pt / Pt 13 % Rh thermocouple was spot welded to the specimen. 
Conversion of the millivolt signal from the thermocouple to a temperature reading was 
carried out by the use of a polynomial written into the computer program. The computer 
monitored the temperature every 1/100th of the second and recorded it every 1/10th of a 
second. Cold junction correction of the temperature was carried out by the computer.
3.10 Setting up samples for thermal cycling
As shown in the Figure 3.10, a series of sets of samples were prepared. 12 samples were 
prepared with a target to achieve three peak temperatures and 4 pre - heat temperatures. 
For each combination, 4 samples were subjected to the thermal cycle in the simulator. 
One of the 4 samples was used for microstructural examination and hardness testing and 
the other three for Charpy testing.
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In all cases, the heating rate to the selected peak temperature was 300°C / second. For a 
1400 C peak temperature, samples were allowed to cool down by natural cooling ( at a 
maximum cooling ra te ) to 800 C, because of a limited simulator cooling capacity. After 
that temperature, controlled cooling was earned out by adjusting power levels to achieve 
the selected cooling profile. The cooling curve to be simulated was approximated by a 
series of linear rates corresponding to 100°C temperature intervals from 800°C to 300°C. 
This sequence of linear cooling rate was used in the software control of the cooling cycle. 
For other peak temperatures, controlled cooling was carried out from the peak 
temperature itself. As mentioned earlier in this chapter, bar shaped test pieces from the 
base steel plate were cut and machined to 11X 11X 110  mm blocks.
Spot welding of the pre - welded thermocouple bead to the samples was carried out at the 
middle of the surface at the mid length. Before fixing each sample into the grips, it was 
marked to insure that the thermocouple was located accurately at the centre of the grip 
gap. To clamp the specimen finally between the two jaws of each grip, four bolts were 
used for tightening, keeping the upper and lower halves parallel. Samples were thermally 
cycled only once to simulate the selected cooling profile.
3.11 Control of the thermal cycle parameters
There are two main factors which characterise the thermal cycle of a weld. They are peak 
temperature and cooling rate.
3.11.1 Peak temperature
Peak temperature is one of the most significant parameters of the thermal cycle. In an 
actual weld HAZ, the peak temperature varies with distance from the fusion line. Three 
peak temperatures were chosen for the simulation experiments, approximating heating in 
the grain coarsened, grain refined, and partially transformed regions of the HAZ. Trials 
were necessary to allow for overshooting of the set peak temperature.
It was observed that overshooting of the set temperature by 30°C to 100°C takes place. In 
order to avoid this overshoot, the peak temperature was pre-set below the desired peak 
temperature. In spite of these precautions, temperature overshoot did occur in some 
cases. It was also noted that the smaller the grip gap, the higher was the probability of 
temperature overshoot. Thus, overshooting of the peak temperature also depends upon 
the grip separation. A number of trials were performed to determine a suitable pre-set 
peak temperature on dummy samples before carrying out the simulation run.
3.11.2 Cooling rate
In the case of the cooling rate, which is directly related to the heat - input of the welding 
process in actual welds, a number of simulation trials were carried out on a dummy 
sample to determine control conditions which resulted in the required cooling rate. 
During initial trials it was confirmed that the wider the grip gap, the higher the cooling 
time. Maximum cooling rate was achieved by natural cooling when the grip gap was 10 
mm.
3.12 M echanical properties testing
3.12.1 Hardness
Vickers hardness testing was carried out to obtain the hardness of the base steel plate 
samples and on simulated and actual weld samples. The results are presented in Chapter 
4. Hardness traverses were made across the actual HAZs at the root, at intervals of 0.6 
mm, starting from the fusion line of the actual weld. In the case of simulated samples, 
measurements were carried out at the quarter width of the sample in the short transverse 
plane. Prior to hardness testing, both types of samples were polished metallographically 
and etched lightly with 2.5% Nital to ascertain the position of the HAZ for the hardness 
testing, as required by the Australian Standard AS 2205.6.1 (72). A load of 5 kg was 
used and about 30 measurements were carried out for each hardness traverse on simulated 
samples. Measurement of the hardness traverse was carried out as shown in Figure 3.15.
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Figure 3.15 Pattern of hardness traverse - simulated samples 
3.12.2 Im pac t toughness
Charpy - V notch ( CVN ) impact testing was conducted on samples with a simulated 
HAZ structure. The thermally cycled steel bars were machined from (11X 11X 110  mm) 
to ( 10 X 10 X 110 mm ), so as to ensure the removal of oxide scale from the surface of 
the samples. Samples of 55 mm length were then prepared with the thermocouple being 
attached at the mid-length of the bar. Three samples were tested for each condition to 
obtain an average result. A total of thirty six samples were tested for combinations of four 
different preheat temperatures ( 20°C, 80°C, 120°C and 200°C ) and three nominal peak 
temperatures ( 874°C, 1100°C and 1400°C ). All the samples were assessed in the 
transverse ( T - L ) orientation, ( notch parallel to the plate rolling direction).
3.13 HAZ width measurement
HAZ width measurement was carried out for the actual preheated weld samples as well as 
for twelve simulated samples. In the case of the actual welds, HAZ width measurements 
were made perpendicular to the fusion line at the weld root.
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The HAZ width was recorded as the distance between the fusion line and the start of the 
unchanged base metal region of the weld. In the case of simulated samples, it was 
difficult to distinguish the termination of th e " heat affected zone
3.14 Prediction of peak temperature profile - weld samples
The temperature profile across the HAZ at the root of the actual welds was calculated by 
using the following formula. Heat flow according to this equation is two dimensional, so 
the volume of the heat affected metal per unit length of the weld is t X Y
Where,
Tp = peak / maximum temperature in °C,
Tq = preheat temperature in °C, 
t = plate thickness in mm,
Y = width of the heat affected zone in mm, 
p = density of the material - g / mm3,
C = specific heat of the solid metal in J /g . °C,
HI = applied heat - input in J / mm,
pC = volumetric specific heat in J / mm3 . °C,
Tm  = melting temperature of the steel in °C.
3.15 Prediction of peak temperature in simulated samples
As discussed in Chapter 2, Section 2.10.3.2, predictions of the peak temperature profile 
in simulated samples for each combination of peak and preheat temperature were 
calculated using Widgery's equation. The temperature profile along the samples was 
predicted to be approximately inverse parabolic.




Metallographic techniques were used to examine both the actual and simulated HAZ 
specimens. In order to examine the microstructures, transverse cross sections, four actual 
weld samples and the twelve simulated samples were prepared. All of the samples were 
metallographically polished and etched in 2.5% Nital solution to reveal the HAZ 
microstructure, and the complete weld profile in the case of the actual weld samples. After 
macrographic examination, photomicrographs were taken of the actual and simulated 
HAZs by using a Nikon microscope. A region near the notch of the simulated HAZ 
Charpy specimens was examined microscopically after Charpy impact testing.
3.17 Fractography
After Charpy impact testing the fracture surfaces of thirty six simulated samples were 
microscopically examined by scanning electron microscopy to elucidate the fracture 
characteristics and the fracture mechanism associated with the different microstructures. 
The main aim of using scanning electron microscopy was to allow a detailed study of the 
fine fractrographic features of the fracture surfaces. In order to carry out the study by 
SEM all the specimens were ultrasonically cleaned in acetone to avoid the atmospheric 
contamination at the fractured surface, and were examined in a Hitachi S450 scanning 
electron microscope. After careful study of the fracture characteristics and fractrogaphic 
features of the Charpy fracture surfaces, photomicrographs were taken of selected 
samples at the same magnifications. The results are presented in the next Chapter.
3.18 Grain size measurement
Prior austenite grain size measurement was carried out on a Nikon optical microscope 
with the aid of a scaled eyepiece, by the linear intercept method. Three measurements 
were made at three different locations for the simulated and actual weld HAZs. The 
results quoted in the next chapter are averages of the three measurements. To measure the 
grain size in the actual weld HAZs, the fusion line was taken as the baseline.
In the case of the simulated samples, the centre plane of the sample where the 
thermocouple was mounted was taken as the reference line. The prior austenite grain 





4 .1  I n t r o d u c t io n
This chapter contains results of the experimental work outlined in Chapter 3. As indicated 
in Section 3.5, three different nominal peak temperatures 870°C, 1100°C, 1400°C ( peak) 
and four preheat temperatures 20°C, 80°C, 120°C and 200°C were investigated. The 
experimental results are presented in two sections. Section 4.2 describes the results of the 
bead on plate ( BOP ) submerged arc welds for four different preheats - 20°C, 80°C, 
120°C and 200°C at a heat input of 2.58 kJ/mm. Section 4.3 presents the experimental 
results of the “ single pass “ simulated HAZ thermal cycle, and gives the hardness and 
toughness measurement data obtained from the simulated HAZs.
4 .2  M ic r o s tr u c tu r e  o f  su b m erg ed  arc  w eld s
As discussed in Chapter 2 - Section 2.1, the microstructures existing in various positions 
of the HAZ can be divided into five sub - regions or sub - zones. The position and extent 
of these sub - regions depend upon the peak temperature and the thermal cycle 
experienced during the welding process. Figure 4.1 - 4.4 shows the typical 
microstructures of the various sub - zones of the HAZ, for 2.58 kJ / mm heat input. From 
the photomicrographs it can be seen that HAZ basically consists of a ferritic structure.
Complete austenization occurs in the GCHAZ because of the high peak temperature range 
of 1200°C - 1500°C. As a result, grain coarsening takes place at the expense of smaller 
grains near the fusion line. The GCHAZ structure of submerged arc welds with 20°C 
preheat ( the highest cooling rate ) consist of a mixture of lath martensite and aligned 
bainitic ferrite with an interlath constituents of either MA island or ferrite - carbide 
aggregate.
6 1
As the preheat temperature increased from 20°C to 200°C, the cooling rate decreased, the 
volume fraction of lath martensite decreased at the expense of bainitic ferrite structure and 
grain boundary ferrite. At the lowest cooling rate ( 200°C preheat ), the structure 
consisted of coarse lath ferrite and MA islands.
4.2.1 Hardness measurements - BOP SA welds
Table 4.1 summarises the hardness results for the preheated ( 20°C, 80°C, 120°C and 
200°C ) submerged arc weld samples. Measurement of the hardness traverse was carried 
out at the root, perpendicular to the fusion line. The predicted peak temperature 
corresponding to distance from the fusion line was calculated in the manner described in 
Section 3.10. Figure 4.5 - 4.8 summarise the results by hardness - distance profiles, for 
single wire submerged arc welds at 2.58 kJ / mm heat input for different preheat 
temperatures. The width of the HAZ was determined microstructurally as the boundary 
between the modified and unmodified structures i.e. the termination of tempered region. 
The HAZ width is indicated on each graph.
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Figure 4.1 Microstructures of the sub - zones of the weld HAZ - 20°C preheat (2 .58 kJ /
mm ). (A) weld metal; (B) GCHAZ; (C) GRHAZ; (D) partially transformed zone; (E)
unchanged base metal. Magnification (4 0  x ).
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Figure 4.2 Microstructures of the sub - regions of the weld HAZ - 80°C preheat ( 2.58 kJ
/ mm ). (A) weld metal; (B) GCHAZ; (C) GRHAZ; (D) partially transformed zone; (E)
unchanged base metal. Magnification (40  x ).
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Figure 4.3 Microstructures of the sub - zones of the weld HAZ - 120°C preheat ( 2.58 kJ
/ mm ). (A) weld metal; (B) GCHAZ; (C) GRHAZ; (D) partially transformed zone; (E)
unchanged base metal. Magnification (40  x ).
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Figure 4.4 Microstructures of the sub - regions of the weld HAZ - 200°C preheat ( 2.58
kJ / mm ). (A) weld metal; (B) GCHAZ; (C) GRHAZ; (D) partially transformed zone; (E)
unchanged base metal. Magnification (4 0  x ).
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Table: 4.1 Hardness results for preheated BOP SA welds
Preheat temperature Predicted peak HAZ hardness - HV Distance - mm from
temperature (5  kg) fusion line.
20°C 1105°C 330 0.6
20°C 1012°C 348 0.9
20°C 933°C 378 1.2
20°C 866°C 339 1.5
20°C 809°C 305 1.8
20°C 758°C 290 2.4
80°C 1166°C 305 0.6
8 0 ^ 1073°C 339 0.9
80°C 994°C 368 1.2
8 0 ^ 927°C 321 1.5
80°C 869°C 305 1.8
80°C 804°C 290 2.4
120°C 1184°C 313 0.6
120°C 1094°C 348 0.9
120°C 1018°C 358 1.2
120°C 953C 330 1.5
120°C 897°C 313 1.8
120°C 833°C 297 2.4
200°C 1281°C 290 0.6
200°C 1188°C 305 0.9
200°C 1111°C 321 1.2
200°C 1044°C 290 1.5
200°C 987°C 283 1.8










Figure 4.5 H ardness profile across weld metal and HAZ of 20°C preheat weld
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Figure 4.7 Hardness profile across weld metal and HAZ of 120°C preheat weld
Distance - mm
Figure 4.8 H ardness profile across weld metal and HAZ of 200°C preheat weld
4.2.2 Hardness profiles
Figure 4.5 - 4.8 shows the hardness - distance profile of submerged arc welds, having 
four preheat temperatures - 20°C, 80°C, 120°C, 200°C respectively. The base plate 
hardness ranged from 240 HV to 260 HV and the range of HAZ hardnesses for all of the 
preheated weld samples were higher than the base plate hardness. Except for a slightly 
lower hardness level in the tempered zone due to over tempering of the base plate, a 
consistent trend in hardness profile was observed from the GCHAZ to the unchanged 
base metal.
Instead of obtaining the maximum hardness in the GCHAZ, as is generally observed, the 
hardness increased throughout the GCHAZ region and reached a peak level in the grain 
refined region of HAZ for all the welds ( temperature ranging from 1100°C - 900°C ). As 
indicated in Table 4.1, that maximum hardness occurred at a distance of approximately
1.2 mm from the fusion line for all welds.
4.2.3 Grain Size Measurements
Prior austenite grain size measurements were carried out for all the preheated weld 
samples. Table 4.2 summarises the results of grain size measurements for the four 
different preheated welds. The average grain size observed in the base plate ranged from 
1 0 -1 2  microns. Figure 4.9 is a plot of grain size as a function of distance from the 
fusion line.
Near the fusion line in the GCHAZ region, relatively coarse prior austenite grains were 
found and the size of the grains decreased gradually, from the GCHAZ towards the 
unchanged base metal. The prior austenite grain size fell to about 3 - 4  (im in the grain 
refined region, but would be expected to increase in the intercritical region towards the 













F igure  4.9 G ra in  size as a function of distance from  fusion line
20°C Preheat 
80° C  Preheat
120°C Preheat 
200°C Preheat
D istance - mm,
Table 4.2 Results of grain size measurements
Distance in mm Average grain size in microns
from fusion line 20°C preheat 80°C preheat 120°C preheat 200°C preheat
0.1 32.76 40.00 42.66 50.00
0.2 26.26 31.42 39.33 40.00
0.3 19.79 24.60 28.49 33.33
0.4 16.33 17.98 19.77 25.00
0.5 13.73 14.31 15.87 18.18
0.6 11.73 11.79 12.24 12.50
0.7 9.84 10.27 10.90 11.11
0.8 8.70 8.90 9.22 10.00
0.9 7.58 7.84 8.01 9.52
1.0 6.82 6.87 6.90 8.69
1.1 6.33 6.45 6.46 7.14
1.2 5.54 5.59 5.68 6.66
1.3 5.19 5.20 5.32 5.88
1.4 4.80 4.85 5.16 5.50
1.5 4.60 4.74 4.76 5.25
1.6 4.39 4.44 4.50 5.00
1.7 4.20 4.20 4.34 4.70
1.8 4.03 4.09 4.20 4.55
1.9 3.84 3.95 4.01 4.20
2.0 3.79 3.95 4.00 4.05
2.1 3.21 3.25 3. 50 4.00
2.2 12.75 13.00 13.25 13.33
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4.3 Simulated HAZ samples
4.3.1 Structure comparison - weld and simulated samples
The microstructures of the various HAZ regions were simulated by applying a single 
thermal cycle with different peak and preheat temperatures as described in Chapter 3. 
Comparison of the simulated HAZ microstructure with actual weld HAZ microstructure 
for equivalent heat inputs suggests that the microstructures of the actual weld HAZ have 
been simulated quite successfully, except that the prior austenite grain size was 
significantly higher in the simulated samples. The microstructure in the different sub - 
regions of the simulated samples were similar to that existing in the actually preheated real 
weld samples but on a much coarser scale. Figures 4.10 (a), (b), (c), and (d) show the 
microstructures of the different sub - regions of the simulated HAZ samples.
4.3.2 M echanical properties o f simulated samples
Vickers hardness measurements and Charpy impact V notch toughness testing were 
carried out on the simulated HAZ samples. Table 4.3 summarises the hardness results for 
simulated samples for the various peak temperatures and preheat temperatures. The 
corresponding values of At 800 - 500 are also listed. Figure 4.11 - 4.22 give the hardness 
- distance profiles which are approximately symmetrical about the centre plane and are 
characterised by a peak hardness displaced from the centre of the sample. Table 4.4 
presents the grain size measurements for simulated samples for different combination of 
predicted peak and preheat temperatures. Figure 4.23 - 4.26 display the grain size 
measurement results of simulated samples as a function of distance from the centre plane. 
Table 4.5 describes CVN ( - 20°C ) results for simulated samples. Charpy impact 
energies ( J ) at - 20°C of 20 mm EM A - 812, quenched and tempered - low carbon steel 
plate are shown in Figure 4.27 - 4.30, as a function of the peak temperature experienced 
by samples during the process of simulation. Figure 4.31 - 4.33 show the results of 
Charpy impact energy ( J ), as a function of applied preheat temperatures.
Figure 4 .10  (a) M icrostructures o f sim ulated sam ples from  20°C preheat and peak
tem perature o f (A) 1358°C ( G C H A Z ); (B) 1108°C ( G R H A Z ); (C) 865°C ( P T H A Z ).
M agnification ( 40 x ).
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F igure 4 .10  (b) M icrostructures o f sim ulated sam ples from  80°C preheat and peak
tem perature o f (A) 1399°C ( GCHAZ ); (B) 1111°C ( GRH A Z ); (C) 870°C ( PTHAZ ).
M agnification ( 40 x ).
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F igure 4 .10  (c) M icrostructures of sim ulated sam ples from  120°C preheat and peak
tem perature o f (A) 1363°C ( G C H A Z ); (B) 1120°C ( G RH A Z ); (C) 918 C ( P T H A Z ).
M agnification ( 40 x ).
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F igure 4 .10  (d) M icrostractures o f sim ulated sam ples from  200°C preheat and peak
tem perature o f (A) 1346°C ( GCHAZ ); (B) 1124°C ( GRH A Z ); (C) 936 C ( PTH AZ ).
M agnification ( 40 x ).
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Table 4.3 Hardness Results for Simulated Samples
Predicted peak Preheat Mean - HV # M ax-H V At 800 - 500 in
temperature °C temperature°C seconds
865 20 271 280 15.1
870 80 274 280 28.5
916 120 327 345 32.1
936 200 318 328 55
1108 20 339 367 19.8
1111 80 338 358 33.1
1120 120 333 376 48.9
1124 200 285 345 81.9
1358 20 326 367 21.1
1399 80 283 358 33.5
1363 120 282 358 35.9
1346 200 261 332 79.1
4.3.3 Hardness distance profile - simulated sample
The base plate hardness of the 12 mm quenched and tempered steel plate of EMA - 812, 
ranged from 240 HV - 260 HV. The predicted peak temperatures corresponding to 
distance from the centre point of simulated samples were calculated in the manner 
described in Section 2.10.3.2. As noted earlier, the maximum hardness is generally 
observed in the GCHAZ region, and a trend of decreasing hardness is observed with 
distance from the GCHAZ to the region of unchanged base metal. However, in the 
present work, the displacement of maximum hardness from the GCHAZ to grain refined 
region occurs.


















Figure 4.11 Hardness versus distance for simulated sample with
nominal peak temperature of 865°C and 20°C preheat.
Distance - mm
F igure  4.12 H ardness versus distance for sim ulated sam ples with 



















Figure 4.13 Hardness versus distance for simulated sample with
nominal peak temperature of 916°C and 120°C preheat.
Distance - mm
Figure 4.14 H ardness versus distance for sim ulated sam ple with



















Figure 4.15 Hardness versus distance for simulated sample with
nominal peak temperature of 1108°C and 20°C preheat.
Distance - mm
F igure  4.16 H ardness versus distance for sim ulated sam ple with










Figure 4.17 Hardness versus distance for simulated sample with
nominal peak temperature of 1120°C and 120°C preheat.
Distance - mm
Figure 4.18 H ardness versus distance for sim ulated sam ple with










Figure 4.19 Hardness versus distance for simulated sample with
nominal peak temperature of 1358°C and 20°C preheat.
Distance mm
Figure 4.20 H ardness versus distance for sim ulated sam ple with
nom inal peak tem perature of 1399°C and 80°C preheat.
Distance - mm
Figure 4.21 Hardness versus distance for simulated sample with
nominal peak temperature of 1363°C and 120°C preheat.
Distance - mm
Figure 4.22 H ardness versus distance for sim ulated sam ple with
nom inal peak tem perature of 1346°C and 200°C preheat.
Distance - mm
Thus from the GCHAZ to the grain refined region of the HAZ, hardness increased for all 
of the simulated samples, reaching a peak level in the grain refined region and then 
decreasing considerably towards the region of unchanged base metal. As shown in the 
Figure 4.11 - 4.22, almost all of the HAZ had a higher hardness than the base plate. 
Except for Figures 4.11 and 4.12, which show narrowly scattered hardness results 
ranging from 250 HV - 280 HV over the entire HAZ region, a wide variation in HAZ 
hardness was found across the HAZ ( Figures 4.13 - 4.22 ).
The results which draw attention are as follows.
(1) The maximum hardness is not generally observed at the centre of the sample, where 
the peak temperature occurs.
(2) Peak hardness values ranged from 320 HV to 380 HV, and were shifted to greater 
distance from the centre line as the nominal peak temperature increased.
4.3.4 Grain size measurements - simulated samples
Grain size measurements were carried out for all simulated samples. Table 4.4 
summarises the results of grain size measurements for 12 different combination of 
preheat and peak temperatures respectively. The average grain size observed in the base 
plate ranged from 8 - 14 jam. Figures 4.23 - 4.26 plot grain size as a function of distance 
from the centre point of the simulated sample. Near the centre point of each simulated 
samples, where the peak temperature is reached, the coarsest prior austenite grains were 
found.
The size of the grains decreased gradually, from the sample centre towards the unchanged 
base metal. The prior austenite grain size fell in a similar way to the actual weld to about 3 
- 4 Jim in the grain refined region and again increased in the intercritical region towards
the base plate average o f 11 Jim.
T able 4 .4  G rain  size m easurem ents - sim ulated sam ples
Distance in mm Average grain size in microns
from centre pt. 865°C / 20°C 870°C/80QC 916°C/120°C 936°C / 200°C
0 .0 9.09 8.69 7.14 25.00
0.6 8.00 8.00 6.45 16.66
1.2 6.66 7.69 6.25 12.50
1.8 6.06 7.14 5.55 11.11
2.4 12.50 6.89 5.00 10.00
3.0 11. 11 11.76 3.92 7.69
3.6 13.33 13.33 3.33 7.40
4.2 16.66 14.28 14.28 6.45
4.8 14.28 11.11 11.11 5.00
5.4 15.38 10.52 10.00 4.08
6.0 11.76 13.33 11.76 11.11
6.6 12.50 14.28 12.50 12.50
1101°C/20°C 1111°C / 80°C 1120°C / 120°C 1124°C/200°C
0. 0 28.57 33.33 40.00 50.00
0.6 22.22 28.57 28.57 25.00
1.2 18.18 20.00 16.66 18.18
1.8 15.38 20.00 13.33 15.38
2.4 11. 11 12.50 6.66 10.00
3.0 8.00 10.00 4.87 7.14
3.6 5.40 8.00 4.16 5.55
4.2 4.44 6.60 5.57 3.86
4.8 3.33 5.20 3.50 4.33
5.4 14.28 14.50 15.38 15.38
6 .0 11.76 11.11 11.11 11.11
6.6 11. 11 13.33 10.00 10.52
1358°C / 20°C 1399°C / 80°C 1363°C/120°C 1346°C / 200°C
0 .0 101.00 110.00 104.00 95.00
0.6 70.00 80.00 74.00 65.00
1.2 40.00 44.00 52.00 48.00
1.8 28.00 30.00 40.00 36.00
2.4 19.00 2 1.00 25.00 26.00
3.0 10.00 15.00 18.18 22.22
3.6 8.00 13.33 8.69 9.52
4.2 5.90 8.33 7.40 7.69
4.8 5.00 6.06 4.76 5.26
5.4 3.45 4.08 3.84 4.00
6.0 11.50 12.00 9.52 12.50
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Figure 4.25 Grain size as a function of distance - 120°C preheat
916°C / 120°C 
1120°C / 120°C 
1363°C / 120°C
Distance in mm.
figure 4.26 G ra in  size as a function of distance - 200°C preheat
936°C / 200° C 
1124°C / 200°C 
1346°C / 200° C
Distance in mm
T able: 4 .5  - C V N  resu lts o f sim ulated  sam ples
Peak temp °C Preheat temp °C C V N - ( J ) At 800 - 500 ( S )
830, 868 , 906 20^ 96, 72, 69 16.1, 15.9, 15.8
1100, 1109, 1122 70°C 96, 82, 97 21, 20.8, 20.4
1342, 1361, 1369 20°C 19, 61, 50 2 0 .8, 20 .1, 21
898, 908, 80°C 163, 123, 26, 32.5 ,
1101, 1131 80°C 186, 147 31, 30.1
1353, 1369 80°C 37, 41 32.3, 31.9
879, 908, 929 120°C 104, 180, 288 , 35.7, 3 2 ,3 7 .6
1093, 1098,1119 120°C 30, 27, 14 49.6, 48.4, 47.8
1325, 1354,1363 120°C 33, 2 0 ,1 9 34.6, 36.1, 35.9
881, 891,913 200°C 69, 33, 61 54.8,55.4 , 53.9
1092, 1107, 1108 200°C 61, 19, 55 82.2, 82.3, 83.1
1316, 1331, 1340 200°C 19, 10, 14 73.7, 79.2, 80.3
4.3.5 Toughness - function of peak and preheat temperatures
Table 4.5 shows the CVN results for simulated samples. For a constant preheat 
temperature and nominal peak temperature a considerable variation in CVN energy was 
observed. Thus simulated GCHAZ region displayed much lower toughness values 
compared to the other simulated sub region of the HAZ for all preheat temperatures. As 
evident from the Table 4.5 that the change in peak temperature from 830 C to 930 C 
showed a large variation in CVN values for all preheat temperatures. Thus, the finish of 
partially transformed region and the start of the grain refined region gave significant 
variations in CVN values, which is consistent with the report that the peak temperatures 
between AC3 - Aci ( 750°C - 900°C) show significant variation in the CVN value (36).
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Figure 4.30 Toughness as a function of peak tem perature  - 200°C preheat
Z
881°C / 891°C / 913°C 
1092°C / 1107°C / 1108°C 







Figure 4.31 - CVN values as a function of preheat temperature
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Figure 4.33 - CVN values as a function of preheat temperature
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Figures 4.27 - 4.30 show results of toughness as a function of peak temperature, while 
Figures 4.31 - 4.33 indicate the variation in the toughness values as a function of preheat 
temperature. The lower CVN values were observed for simulated GCHAZ samples, and 
variation in the preheat temperatures for a nominal 1350°C ± 50°C peak temperature 
caused little change in CVN values compared to the variation in CVN values ( Fig 4.33).
In order to illustrate the different fracture zones of a typical Charpy fracture surface, a 
schematic diagram is given in Figure 4.34 (73). These zones were observed in the 
simulated samples and Figure 4.35 shows typical central area fracture surfaces after 
Charpy testing for the range of peak temperatures used.
Notch
Ductile initiation zone (Diz)
Shear lips formed at both sides of the fracture surface 
Tearing shear lip formed at the final fracture region 
Central area of fracture
Figure 4.34 Schematic diagram of different fracture zones of a typical fracture surface.
Figure 4.35 Fracture surface appearances of Charpy Impact specimens ( - 20 C ) of 
simulated HAZ ( 2.58 k J / mm ) for ( a ) Tpi = 929°C, 288 J ; ( b ) Tp2 = 1101°C, 186 
J ; ( c ) Tp3 = 1369°C, 61 J.
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Figure 4.36 Selected photomicrographs of simulated HAZs taken from centre of the 
Charpy fracture surface ( -  20°C ). ( a ) Tp = 1369°C, 20°C pre - heat, 50 J ; mixture of 
quasi cleavage and dimpled structure. ( b ) Tp = 1131°C, 80°C pre - heat, 147 J, ( qc and 
dimpled structure). ( c ) Tp = 1340°C, 200°C pre - heat, 14 J, (qc). ( d ) Tp -  1100 C, 





In this Chapter, the experimental results described in the previous chapter are discussed in 
three sections. An attempt has been made to characterise and analyse the relationship 
between the microstructure and mechanical properties of the HAZ. The hardness and 
toughness results, for actual preheated weld samples and simulated samples, are analysed 
in order to obtain a better understanding of the weldability of the quenched and tempered 
structural steel plate. A summary is given at the end of the each section. In Section 5.2, 
microstructure and properties of actual preheated welds are discussed with the aim of 
establishing the influence of the various microstructures of the HAZ on mechanical 
properties. Section 5.3 discusses similar aspects in relation to the simulated samples.
5.2 Single wire submerged arc bead - on - plate welds
The grain coarsened region of the HAZs generally consisted of lath shaped ferrite grains 
(Figures 4 .1 -  4.4). For no preheat, the grain coarsened zone consisted of fine ferrite 
laths resulting from martensitic or bainitic transformation, together with fine particles of a 
second phase, probably MA islands and / or cementite. For preheats of 80°C, 120°C and 
200°C, the ferrite laths were coarser and the second phase consisted of MA islands, an 
aggregate often described as granular bainite (76). As the temperature increased during 
the heating cycle, grain growth occurred at the expense of the smaller grains in the region 
adjacent to the fusion boundary where peak temperatures well above 1250°C are reached.
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The fine grained region of the HAZ consisted of a similar microstructure to that obtained 
in the GCHAZ, but on a much finer scale. A very fine ferritic microstructure was 
obtained, and with increasing the pre-heat temperature from 20°C to 200°C the ferrite 
became less acicular, which is to be expected for a heat input of 2.58 kJ / mm and high 
preheat temperatures.
Partially transformed regions of the HAZ showed a fine banded structure with dark 
etching aggregates or bands along with the relatively coarse ferrite grains of the base 
plate. The original quenched and tempered base plate structure is transformed partially to 
austenite grains during the heating cycle, but the temperature is too low to produce 
complete transformation, as discussed in Chapter - 2, Section 2.1. Growth of this 
austenite, particularly at lower peak temperatures ( 900°C - 750°C ), is governed by the 
rate of carbon diffusion into the ferrite. The austenite formed retransforms during the 
cooling cycle to very fine polygonal ferrite, ferrite - carbide aggregates and a small 
amount of MA islands (8). The untransformed tempered martensitic region became 
coarsened and over - tempered by intercritical heating.
Hardness traverses across the root of the HAZ indicated that most of the HAZ was harder 
than the base plate. The maximum hardness was obtained in the grain refined region 
instead of the GCHAZ, and this shift of maximum hardness from the GCHAZ to the 
grain refined region is considered to be the result of the increased structural refinement. 
The minimum hardness, which is slightly lower than the base plate hardness, was 
observed just outside of the intercritical region in the " unchanged " base metal, because 
the thermal cycle experienced in this region causes over - tempering of the quenched and 
tempered base plate structure. The occurrence of the peak hardness in the grain refined 
region is contrary to the general trend that maximum hardness occurs in the GCHAZ as a 
result of the increased hardenability due to the coarse austenite grains. From Figures 5.1 
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Figure 5.4 Peak hardness as a function of preheat tem perature
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exhibited in the grain refined region decreased along with an over - all drop in HAZ 
hardness.
5.2.1 Hardness as a function of predicted temperature
Figures 5.1 and 5.4 summarise the results of hardness as a function of predicted 
temperature experienced in the HAZ and peak hardness as a function of preheat 
temperature, respectively. As can be seen from both Figures 5.1 and 5.4, the lower the 
preheat, the peak hardness occurs at a lower temperature. The maximum hardness 
observed was 378 HV for the 20°C preheat weld at a distance of 1.2 mm from the fusion 
line and at a predicted temperature of about 930°C. For all of the welds, the peak 
hardness values occur in the grain refined ( 1 100°C - 900°C ) region of the HAZ instead 
of the GCHAZ.
5.2.2 Hardness as a function of preheat temperature
Figure 5.3 shows the hardness range across the HAZ as a function of preheat 
temperature. The minimum HAZ hardness values were relatively insensitive to the 
preheat, but the maximum hardness decreased with preheat temperature, as shown in 
Figure 5.4. As the preheat temperature increases, an over - all drop in HAZ hardness is 
observed. This result is consistent with the decreased cooling rate which reduces the 
hardenability of the HAZ and results in higher temperature transformation products of 
lower hardness. The faster cooling rate associated with no preheat resulted in a 
substantially martensitic structure throughout the GCHAZ and GRHAZ. The greater 
refinement of the grain size and the martensitic structure in regions which exhibit 
temperatures just above the Ar3, evidently resulted in the maximum hardness. The preheat 
increase from 20°C to 200°C reduced the cooling rate which in turn provided sufficient 
time for formation of less hard phases such as ferrite / pearlite compared to the fast 
cooling which produced a hard microstructure of lath martensite. The application of 
preheat leads to the formation of diffusional products, at the expense of diffusionaless
phases.
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From the hydrogen or cold cracking point of view, fast cooling rate ( no preheat ) 
promotes the formation of a hard microstructures such as bainite / martensite in the HAZ 
which are relatively brittle constituents of higher hardness, and are more susceptible to 
cracking. Thus by increasing the preheat temperature up to 200°C, the probability of 
hydrogen induced cracking of the HAZ should be reduced because of the formation of 
softer and more ductile phases with a lower hydrogen content. However, the structural 
coarsening would be expected to reduce impact toughness.
5.2.3 Grain size as a function of predicted temperature
Figure 5.5 presents the results of prior austenite grain size as a function of predicted 
temperature experienced in the HAZ. From the region of the unchanged base metal to the 
GCHAZ the size of the grains increased significantly as the peak temperature increased. 
At the fusion line where the peak temperature is close to 1500°C, the largest size grains 
are observed. A maximum grain size of about 50 pm was measured near the fusion 
boundary for the 200°C preheated weld. The increase in the maximum grain size with 
increasing preheat temperature is as expected on the basis of the longer dwell time at high 
temperature and the consequent increase in grain growth.
5.2.4 Hardness as a function of grain size
Figure 5.6 shows the effect of HAZ grain size on hardness. As grain size decreased from 
peak values near the fusion line, the hardness increased to a peak value corresponding to 
a grain size of about 5 pm. The subsequent fall in hardness at smaller grain sizes could 
result either from nucleation of softer diffusional products on cooling or a peak 
temperature within the two phase region.
5.2.5 Grain size as a function of preheat temperature
Figure 5.7 presents the results of grain size as a function of preheat temperature. As is 
evident from the figure, the maximum grain size increases with preheat temperature, 































Figure 5.6 HAZ hardness as a function of grain size








5.7 Grain size as a function of preheat temperature
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5.3 W eld simulated HAZ microstructures
The simulated HAZ microstructures were similar to the microstructures obtained for 
single wire submerged arc welds, as discussed in Section 4.2. For no preheat, the 
GCHAZ region ( Figure 4.10 - a ) showed a martensitic microstructure. As the peak 
temperature increased to the GCHAZ range, the structure became much coarser. As the 
cooling rate decreased ( with increasing preheat ) the proportion of bainitic ferrite 
increased together with the volume fraction of MA islands. This structure is consistent 
with a relatively high transformation temperature. Due to carbide precipitation at the 
boundaries associated with the martensite ( auto tempering ), the remaining martensitic 
structure became more darkly etched. This trend was observed in both the GCHAZ and 
grain refined regions.
The grain refined region consisted of the same constituents but on a much finer scale. The 
structure was acicular for the lowest preheat temperature ( 20°C preheat temperature - fast 
cooling rate ) and became more equiaxed as the preheat temperature increased to 
maximum (200°C preheat temperature - slow cooling rate).
5.3.1 HAZ hardness as a function of preheat temperature
Figures 5.8 - 5.10 give the results of HAZ hardness measurements over a distance of~ 
6.6 mm about the centre of simulated samples, plotted as a function of preheat 
temperature. It is evident from Figures 5.9 and 5.10, that for the predicted peak 
temperature ranges - 1100°C ± 30°C and 1350°C ± 50°C, increasing the preheat
temperature resulted in a drop in overall HAZ hardness. Even so, this reduced hardness 
is slightly higher than that of the base plate ( 240 - 260 HV ). For the case of the lowest 
peak temperature range ( 865°C - 936°C, the " intercritical " range - Figure 5.8 ), the 
maximum hardness observed for 20°C and 80°C preheat temperatures was about 280 HV 











Figure 5.8 Hardness range as a function of preheat temperature
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Figure 5.9 Hardness range as a function of preheat temperature















5.10 Hardness range as a function of preheat temperature
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For the higher preheat temperatures, the peak cycle temperatures were higher (>  900°C), 
resulting in more austenitisation followed by more substantial hardening on cooling.
5.3.2 Peak hardness as a function of preheat temperature
From Figures 5 .8 -5 .1 0 , it can be seen that increasing the preheat temperature from 
20°C to 200°C did not have a very significant effect on peak HAZ hardness of the 
simulated samples. However, the 20°C preheat case showed close to the maximum 
hardness for the 1100°C peak temperature, and the maximum hardness for the nominal 
1350°C peak.
5.3.3 Hardness as a function of predicted temperature
Figures 5 .11 -5 .14  show the results of hardness as a function of predicted temperature 
profile for the simulated samples. For a nominal 1100°C peak temperature the predicted 
temperature profile in the simulated sample is plotted in Figure 5.13 as a function of the 
hardness profile. Hardness generally increased as the temperature fell, to a peak in the 
range of about 1000°C - 900°C. The general level of hardness decreased with increased 
preheat. This effect is a result of the higher preheat temperature reducing the cooling rate 
considerably and providing the sufficient time for the formation of phases of lower 
hardness. A similar set of results is shown in Figure 5.14 for the nominal 1350°C peak 
temperature.
The results for the nominal 870°C peak temperature are less well defined because two 
different actual temperature ranges were obtained ( 865°C - 870°C and 916°C - 936 C ). 
However, hardness again increased to a peak value at a peak temperature lower than that 
at the centre line of the sample. The higher peak temperatures are probably above the Ac3 
temperature resulting in a grain refined austenitic structure prior to cooling. On the other 
hand, the lower peak temperatures 865 °C / 870°C are in the intercritical temperature 



















Figure 5.11 Hardness as a function of predicted temperature
865°C / 20°C 
870°C / 80°C
Predicted temperature°C























Figure 5.14 Hardness as a function of predicted temperature
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lower hardness because of over tempering of the undissolved tempered martensitic 
structure.
EMA- 812 steel has a comparatively high hardenability, due to the presence of 
microalloying elements and the significant carbon level. For no preheat, both the GCHAZ 
and GRHAZ transformed to similar bainitic and / or martensitic structures for nominal 
peak temperatures of 1350°C ( GCHAZ region ) and 1100°C ( grain refined region ) in 
simulated HAZ samples. The grain refined region of the HAZ is characterised by its much 
finer microstructure and higher hardness compared to the GCHAZ. The minimum 
hardness was observed in the region of the apparently unchanged base plate adjacent to 
the termination of the intercritical zone, mainly due to the recovery of ferritic (martensitic) 
laths and coarsening of carbides in the tempered martensitic base plate.
5.3.4 Toughness - Simulated samples
As shown in Table 4.5 and Figures 4.27 - 4.29, variable Charpy values were obtained 
for weld HAZ simulated samples of EMA- 812, quenched and tempered steel plate. 
Photomicrographs of the fractured sample surfaces were shown in Figure 4.36. Lower 
peak temperatures (intercritical or just above the AC3 temperature) were generally 
associated with the highest CVN values irrespective of the preheat temperature. A 
nominal peak temperature of 1100°C ( grain refined region ) also gave relatively high 
CVN values for no or low preheat, but low values ( well less than then minimum 
specified 90 J at - 18°C) (77), were recorded for the 120°C and 200°C preheats. Samples 
showing high CVN values had large amounts of dimpled fracture surface. This dimpled 
fracture surface was located in the shear lip zones on both sides of the fracture surface, 
and in the initiation and final fracture zones. Charpy samples cycled to the peak 
temperature range of 800°C - 1 100°C showed relatively large amounts of fibrous fracture 
surface, consistent with the higher CVN values. The low CVN values corresponded to 
samples with relatively coarse prior austenite grains and were characterised by a large area 
of quasi - cleavage mode fracture.
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A possible explanation for this effect is that although a nominal peak temperature of 
1100 C was used to define the grain refined condition, the actual measured grain sizes 
were much coarser than expected, particularly for the higher preheats ( Figure - 5.15 ). 
Since the simulation resulted in much coarser grain sizes than those exhibited in actual 
welds ( 3 0 - 4 0  pm compared with 10 - 15 pm - Figure 5.15 ) it is inferred that either the 
actual temperature was significantly higher than that recorded; and / or the dwell time at 
high temperature was larger than for actual welds; and / or the absence of a sharp 
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Figure 5.15 Maximum prior y  grain size (pm) as a function of pre-heat temperature for 
simulated samples heated to a nominal peak temperature of 1100°C.
The above results are fairly consistent with the conclusions of other investigations (74) 
that the location of the notch tip plays an important part in determination of Charpy values 
in actual welds and indicate the importance of polishing and sectioning of the specimens 
after fracture in order to determine the location of the notch.
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As described in Table 4.5, 12 mm quenched and tempered EM - 812 steel plate not only 
showed the lowest toughness values in the GCHAZ region, but also displayed a decrease 
in toughness as the peak temperature increased. As expected, the GCHAZ region had the 
lowest toughness compared to the other sub regions of the HAZ. This loss of toughness 
was more marked with the lower the cooling rate. As the preheat temperature increased 
from 20°C to 200°C, the cooling rate became much lower and, as a result, the amount of 
coarser upper bainitic product increased significantly. This result is consistent with results 
reported by Dolby and Knott (75). The two prime reasons given by these authors for loss 
of toughness (75), are ( 1 )  an increased volume fraction of bainitic product at the expense 
of martensite in the HAZ structure causing reduction in cleavage resistance, and ( 2 ) a 
considerable increase in prior austenite grain size which in turn decreases the cleavage 
resistance of the martensitic or bainitic structure, because of structural coarsening.
The maximum toughness was observed for a peak temperature which was either at the 
end of the partially transformed region or at the start of the grain refined region for all 
preheat temperatures except for the 80°C preheat. The 80°C preheat showed maximum 
toughness for a 1131°C peak temperature, which can be regarded as within the GRHAZ 
temperature range. For a given peak temperature, as the applied preheat temperature 
increased from 20°C to 200°C, cooling rate decreased substantially. As a result, structural 
coarsening occurred and the austenite transformed at higher temperatures to non - 
martensitic products.
The CVN values obtained from the simulated samples were generally much lower than 
those normally expected from the HAZ ( 53 J minimum at - 20°C ) (77), but there are 
several reasons for this result. Actual HAZ Charpy tests traverse all sub - regions of the 
HAZ so that the energy consumed in fracture should be higher because of the structural 
variability and the influence of the grain refined region and partially transformed region. 
Secondly, the prior austenite grain size is much lower in actual welds and therefore, the 
structural refinement is greater, resulting in higher Charpy energies.
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The use of preheat for simulated samples generally resulted in a deterioration in 
toughness at the 1100°C and 1350°C peak temperatures, but not for the 80°C treatment. 
Higher preheats appeared to exacerbate the structural coarsening associated with high 
peak temperatures, resulting in a dramatic decrease in CVN values.
5.3.5 CVN values
The Charpy values in some of the simulated samples were low in relation to the specified 
minimum 53 J at - 20°C for the HAZ (77). In particular, the simulated GCHAZ samples 
showed values of only about 20 - 40 J. The presence of prior austenite grains about twice 
as large as those in the actual welds resulted in significant structural coarsening and 
reduced the cleavage resistance. However, it should also be noted that Charpy tests on 
actual weld HAZs sample a series of sub - zones with different cleavage resistance. 
Cracking through the GRHAZ and PTHAZ regions would be expected to increase the 
fracture energy, whereas the GCHAZ would reduce it. Thus, the actual notch location 
and the crack path will determine the absorbed energy which can vary substantially from 
test to te s t." Average " Charpy values for simulated samples preheated for 20°C ( Figure 
4.27 ), and 80°C ( Figure 4.28 ) and 120°C ( Figure 4.29 ) would however, come close 
to the satisfying the minimum HAZ Charpy requirements.
5.3.6 Comparison of a structure and properties of actual and simulated
welds
Although the grain sizes were substantially higher in the simulated samples than in actual 
welds, the structures and hardness values were closely similar. The variation in peak 
HAZ hardness with predicted peak temperature for the actual weld samples is given in 
Figure 5.2 and is replotted in Figure 5.16 to include the corresponding data for the 
















The effect of preheat temperature on cooling rates and subsequently on the 
microstructures of the HAZ, as well as on significant mechanical properties of the HAZ, 
was been investigated for quenched and tempered EM 812 plate steel. The most 
significant conclusions of the investigation are as follows.
6.2 Main Findings
(1) The relatively high hardenability of the EM 812 ensured that for a heat input of 2.58 V  
kJ / mm and preheats of 20°C - 200°C the grain coarsened region of the actual weld 
consisted of lath martensite or bainitic ferrite with MA islands.
(2) The simulated samples showed structures and hardnesses similar to those of the actual 
welds in specific regions of the HAZ, but the prior austenite grain size in the GCHAZ 
was about double that in the actual welds.
(3) Increasing the preheat temperature from 20°C to 200°C resulted in slower cooling and 
transformation of austenite at higher temperatures. The ferrite became less lath shaped as 
the preheat temperature increased.
(4) Hardness traverses across the root of the HAZ in the actual welds and along the centre 
of the surface of the simulated samples indicated that the HAZ was generally harder than 
the base plate. The maximum hardness was obtained in the GRHAZ instead of the
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GCHAZ, because both regions transformed to similar bainitic / martensitic structures, but 
the GRHAZ contained a finer microstructure and therefore a harder structure.
(5) The minimum hardness in the actual weld was observed in the base metal adjacent to 
the end of the partially transformed zone. The softening was due to over - tempering of 
the quenched and tempered base plate by recovery of ferrite and coarsening of carbides.
(6) CVN values for simulated samples showed significant variations, with the GCHAZ 
giving the lowest impact toughness, mainly because of the coarse microstructure, the 
large prior austenite grain size and relatively high hardness. The loss of toughness was 
also associated with the cooling rate. As the preheat temperature increased form 20°C to 
200°C, the cooling rate became much lower, a greater volume fraction of bainitic product 
formed in the GCHAZ, and the CVN values decreased.
(7) The highest impact toughness was observed either in the grain refined region, or at the 
boundary of the partially transformed and grain refined regions. The maximum impact 
toughness corresponded to the maximum hardness. The maximum toughness is also 




A .l D efinition
Hardness can be defined as the resistance of a material to deformation, particularly 
permanent deformation, indentation, or scratching. Different methods for evaluating 
hardness give different ratings because they are measuring somewhat different quantities 
and characteristics of the material. There is a no absolute scale for hardness, and therefore 
each type of test has its own scale of arbitrarily defined hardness.
Indentation hardness
This is the hardness evaluated from measurement of area or depth of the indentation made 
by pressing a specified indenter into the material under specified static loading conditions.
A.2 Methods of hardness measurement
There are three standard methods commonly used to measure the hardness of any steel, 
which are as follows.
(A) Brinell hardness testing method
An indentation hardness test using calibrated machine to force a hard ball, under specified 
conditions, into the surface of the material under test and to measure the diameter of the 
resulting impression after removal of load.
Brinell hardness number - HB
A number related to the applied load and to the surface area of the permanent impression 
made by a ball indenter computed from the following equation.
HB = 2 P/ D { D - ( D2 - d2 )1/2 }
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Where,
P = Applied load in kgf,
D = Diameter of ball in mm, 
d = Mean diameter of the impression in mm.
D escrip tion
A specified load, depending upon the type of material, is applied to a flat surface of the 
specimen to be tested, through a hard ball of specified diameter. The average diameter of 
the indenter is used as the basis for the calculation for the Brinell hardness number. The 
quotient of the applied load divided by the area of the surface of the indentation, which is 
assumed to spherical, is termed as the Brinell hardness number in accordance with the 
above mentioned equation. Duration of the applied load should be minimum 10 sec. Two 
diameters of the indentation at right angles must be measured to the nearest 0.1 mm, 
estimated to the nearest 0.005 mm, and should be averaged to the nearest 0.05 mm. If the 
two diameters differ by more than 0.1 mm, the reading shall be discarded and a new 
indentation made.
(B) Rockwell hardness testing method
An indentation hardness test using a calibrated machine to force a diamond sphero conical 
penetrator (diamond penetrator) or a hard steel ball under specified conditions into the 
material under test in two operations, and to measure the difference in depth of the 
impression under the specified conditions of minor and major loads.
Rockwell hardness number - HR
A number derived from the net increases in the depth of impression as the load on a 
penetrator is increased from a fixed minor load to a major load and then returned to the 
minor load. Rockwell hardness number is always quoted with a scale symbol which 
represents the penetrator, load, and dial used.
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Procedure
In this test hardness value is obtained by using a direct reading testing machine which 
measures hardness by determining the depth of penetration of a diamond point or a steel 
ball into the specimen. Generally a minor load of 10 kg is applied, unless otherwise 
specified, which causes the initial penetration, and sets the penetrator on the material and 
holds it in position. A major load which depends upon the type of the material to be tested 
and the scale being used is applied, which increase the depth of the indentation. The 
major load is removed and, with the minor load which is still acting, the Rockwell 
number is measured, which is a proportional to the difference in penetration between the 
major and the minor loads. The Rockwell number is read directly on the dial gage. The 
scale most frequently used are (1) B scale - 1 / 16 in. steel ball as penetrator, applied 
major / minor load - 100kg / 10kg, and (2) C scale - Diamond brale, applied major / 
minor load - 150kg / 10kg.
(C) Vickers Hardness testing method
An indentation hardness test using a calibrated machine to force a square-based pyramidal 
diamond indenter having specified face angles, under a predetermined load, in to the 
surface of the material under test and to measure the diagonals of the resulting impression 
after removal of the load.
Vickers hardness number - HV
A number related to the applied load and the surface area of the permanent impression 
made by a square based pyramidal diamond indenter having included face angles of 136 °, 
computed from the following equation.
HV = (2  X P X Sin a  / 2 ) / d2
Where,
P = Applied load in kgf, 
d = Mean diagonal of the impression in mm, 
a  = Face angle of diamond = 136°.
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D escrip tion
In this method the equipment consists of a testing machine which supports the specimen 
and permits the indenter and the specimen to be brought in to contact gradually and 
smoothly under a predetermined load, which is applied for a fixed period of time. The 
applied load depends upon the type of material to be tested. The indenter which is being 
used for the indentation should be highly polished and pointed square based pyramidal 
diamond with a face angle of 136°. The design of the machine does not permit the 
rocking or lateral movement of the indenter or specimen while load is being applied or 
removed. An optical microscope is generally mounted on the machine thorough which 
one can measure the impression of indentation (both diagonals of square) from available 
optical field. The surface of the sample to be tested should be polished so that the ends of 
the diagonals are clearly defined and can be easily read with a precision of 0.0005mm or 
0.5% of the length of the diagonals, whichever is larger.
A.3 Factors affecting hardness measurement
During the measurement of the hardness, the following factors must be taken in to 
account, to obtain accuracy and consistency of the result.
They are
(1) hardness load and
(2) choosing appropriate test location.
The reason for taking these factors in to account is the very narrow thickness ( few 
millimetres ) of the HAZ and different types of weld bead shapes. The conclusion was 
reached in ref. 78 that 5 kg. and 10 kg. loads were more appropriate with respect to the 
HAZ dimension, to measure the hardness of the HAZ of the weld. Because of the very 
narrow width of the HAZ, it becomes very difficult to take a large number of hardness 
readings in the HAZ. In order to take more number of hardness readings to obtain greater 
accuracy and consistency of the results in the HAZ, the size of the indentation should be 
kept small by applying a low load.
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Brooks and Hart (79) have found the existence of inverse relationship between the errors 
which have been measured during hardness testing, and applied hardness load. They also 
found that hardness measurement were more accurate for materials with low hardness 
value, as compared to the high hardness value material.
In the present research work, of the three above mentioned methods, the Vickers 
hardness testing method has been used, because it measures a wide range of hardness 
values with high accuracy. According to standard specifications, hardness measurement 
of the HAZ is generally carried out by two methods, they are
(a) Tangential method and
(b) Contour method.
In the present research work the first ( Tangential) method has been used to carry out the 
hardness testing of all samples. In this method, measurement is carried out in a line which 
is parallel to the plate surface, while in the Contour method it is carried out along the 
contour of the fusion line. The following Figures A - 1 and A - 2 show both types of 
hardness measurement methods (80, 81, 82).
BM
Figure A - 1
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Figure A - 2
It is difficult to determine the maximum hardness value of the weld HAZ. The French 
Standard (80) and International Institute of Welding (IIW) (83) have adopted the 
arithmetic mean method, in which the mean of the three hardest value are taken as the 





All metals by definition have plastic and elastic properties. Elastic stress analysis in any 
structural design can be explained in terms of linear relationship between stress and 
strain, but in case of analytical processing the nature of the elastic and plastic behaviour 
becomes extremely complex to understand due to variations in localised plastic flow. 
Introduction of any mechanical notches tends to build triaxial stress systems and 
drastically reduces the plastic flow. Because of this finally a fully stretched ligament 
tends to perform in an elastic manner.
B.2 Definition
Toughness is defined as the capacity of the material to absorb energy by deforming 
plastically before the fracture. The integrity of the welded structure may be limited by the 
fracture toughness of the HAZ, thus it remains a key factor, since the fusion boundary 
and HAZ are the two most common locations for defects (4).
As mentioned earlier, toughness is one of the most significant mechanical properties of 
the HAZ, as it represents crack resistance of the HAZ. It is therefore quite a useful 
property from the industrial application point of view. Good toughness value can be used 
as one of the criteria for selection of the best materials, to avoid the failure by fracture 
from an industrial application point of view. Toughness is generally determined by the 
combination of ductility and strength of the material.
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B.3 Toughness measurement methods
Following methods are used for the measurement of the HAZ toughness. They are as 
follows, but out of the methods mentioned below only two methods are quite popular.
(A) Kjc toughness measurement method. (B) LEFM - Linear elastic fracture mechanics 
technique. (C) J-integral method. (D) R - curve technique. (E) Charpy "v" notch impact 
method. (F) Crack opening displacement method, known as "COD" testing.
(A) KiC toughness measurement method
Method (A) was developed primarily for very high strength steels or very heavy sections. 
It is used for plain strain fracture toughness.
(B) LEFM - Linear elastic fracture mechanics technique
The most rigorous means of toughness characterisation is known as "Linear Elastic 
Fracture Mechanics - LEFM". It is an analytical approach and it becomes more complex 
when the plastic zone at the crack tip becomes large enough to cause the net section to 
deform in a non-linear manner.
(C) J - Integral method
Method (C) appears to be somewhat limited from the service application point of view, as 
it is a small - size version of the Kic test. Use of J-integral method can be extended 
beyond the brittle fracture region to a zone in the transition region where significant 
ductility exists.
(D) R - curve technique
The R - curve technique can be useful not only to determine resistance to initiation but it 
also measures the resistance under subsequent stable growth. It was primarily developed 
for those materials with problems associated with stable cracking at low stresses or with 
thin sheets.
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(E) Charpy "V" notch impact method
Charpy V notch impact method has been widely used as one of the most convenient 
small - scale tests to evaluate the toughness of the base as well as the weld metal. Despite 
its limitation it is a good production quality control tool.
V-NOTCH IMPACT SPECIMEN GEOMETRY
(F) Crack opening displacement test
The crack - opening displacement test is a material test which satisfies the requirements 
for a fracture toughness test. This test is normally conducted on a full - thickness 
specimen with a fatigue-pre cracked notch. The notch is loaded slowly in three - point 
bending as shown in the diagram below. A clip gage is used to measure the displacement 
between two knife edges spanning the notch. This clip gage displacement at the moment 
of the first crack extension has been recorded as the principal test parameter and an 
equation is used to calculate the opening at the crack tip at failure from the clip gage 
displacement (COD), and it has been reported as toughness value (86). The following 







COD TEST LOADING ARRANGEMENT
THICKNESS = B = MATERIAL THICKNESS
WIDTH = W = 2B
CRACK LENGTH = a = 0.5W = B
NOTCH LENGTH = J = (a -  2.5mm) MAX. FOR B > 13mm 
= (a -  1.75mm) MAX. FOR B <  13mm
ALTERNATE TEST SPECIMEN (T x T)
T
W
2W + 5mm MIN.- ■2W + 5mm MIN.-
B = MATERIAL THICKNESS 
W = B
a = 0.3W = 0.3B
m i
J = (a -  1.75mm) MAX. FOR B < 13mm 
= (a -  2.5mm) MAX. FOR B > 13mm
TYPICAL COD SPECIMEN GEOMETRIES
1 0 3
J. Kudoh and H.G. Pisarski (84) reported that "COD" test results are highly sensitive at 
the notch tip of the microstructure, as compared to the Charpy impact testing. Because of 
the above mentioned drawbacks of Charpy impact "V" notch testing, "COD" testing has 
found increasing application in the assessment of HAZ toughness.
B.4 Comparison of both tests
Generally, testing of the HAZ toughness is carried out on simulated HAZ structure, 
because of the very narrow width of actual weld HAZ structure, which ranges from one 
to few millimetres, it becomes very difficult to identify the correct test location which 
possesses low toughness, for the placement of the notch tip. Generally, toughness testing 
of the HAZ has been conducted by the Charpy impact testing method, because of simple 
testing procedure, easy sample preparation, and simple operation of the test machine. 
Apart from these points, this type of the testing is economical, as compared to the "COD" 
testing, which includes relatively complex testing procedures. In this method, a test bar of 
10 X 10 mm. ( standard size ) is generally taken as the test sample. Following are the 
drawbacks of both methods.
B.5 Drawbacks of ,fCharpy Impact” and "COD" test
B .5 .1  Size effect
In this test, thickness of the sample which is selected as the test bar is not dependant on 
the thickness of the test material, so the results obtained after the completion of the test, 
do not provides adequate information regarding the size effect of the material. In COD 
testing, thickness of the test specimen is equivalent to the thickness of the original plate, 
so it gives crystal clear size effect.
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B.5.2 Placement of notch and presence of defects
As mentioned earlier, because of very narrow width of HAZ, it becomes very difficult to 
carry out the placement of the notch tip at the correct test locations which possess low 
toughness. Besides this, the presence of the defects such as cracks, existence of 
undercutting, slag inclusion etc. could give high toughness values but on the other hand if 
the coincidence of the notch root occurs with this type of the defect, it may give lower 
toughness values.
B .5.3 Strain rate
Generally during impact* testing, applied strain rate is of very high magnitude which 
ranges from 105- 106 per second, as compared to the strain rate which is generated during 
the normal work conditions. This wide difference of strain rate gives two different 
toughness value for the test sample and structure material.
B.5.4 Presence of high transition temperature
High transition temperatures are consistently observed on simulated specimens, as 
compared to the real weld HAZ during the Charpy impact testing (85). It might give 
inadequate simulation of microstructure, such as much coarser grains in the simulated 
sample as compared to the actual weld. This happens due to absence of the thermal 
gradient in the simulated sample and presence of thermal gradient in the real weld.
B.5.5 Drawback of "COD" testing
"COD” testing method is quite complex in nature as it involves complicated operations 
such as
(a) Sample must be pre cracked - cracked at the notch tip and
(b) To induce fatigue crack at the bottom of the notch.
* A good impact value is not always considered as guarantee of toughness 
against failure by fracture.
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It is highly expensive method with a high capital investment, and a time consuming 




















































Predicted  and sim ulated cooling curves for peak tem perature o f 1400°C / 80°C and 1346°C
/ 200°C preheats.
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